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1.0  statement  of  Problem 


Numerous  fiber  optic  remote  sensing  applications  place  severe 
restrictions  on  the  photonic  devices  which  perform  the  actual  sensing  function. 
These  restrictions  concern  the  speed,  size,  weight,  power  dissipation,  and 
sensitivity  of  the  devices  which  are  often  placed  in  adverse  environments. 
Given  the  availability  of  the  appropriate  device  structures  and  functions, 
however,  it  is  expected  that  such  remote  sensing  systems  will  find  widespread 
use  in  a  multitude  of  applications.  To  name  only  a  few,  these  applications 
include  the  transceiving  of  telemetric  data  to  and  from  terminals  located  in 
robotic  vehicles  where  economy  of  size  and  space  is  at  a  premium,  use  in  heat 
and  pressure  sensors  located  in  hostile  environments,  and  the  utilization  as 
intravenous  probes  which  can  determine  the  characteristics  of,  for  example,  the 
temperature  or  gas  composition  in  the  bloodstream,  etc.  In  many  cases,  the 
distance  between  the  near  end  terminal  and  the  remote  probe  is  very  long 
(~100km),  thus  necessitating  the  use  of  long-wavelength  (1.3  and  1.55  pm) 
light  coupled  into  highly  transparent  optical  fibers.  In  this  program,  we 
introduced  several  new  concepts  which  are  directed  at  considerably  reducing 
the  complexity  of  existing  optoelectronic  integrated  circuits  (OEICs)  and  their 
associated  systems  by  providing  100%  of  the  power  requirements  of  the  circuits 
located  at  the  remote  node  from  the  near-end  terminal  using  optical  means.  In 
particular,  remote  powering  via  the  use  of  monolithically  integrated  photovoltaic 
(PV)  cells  associated  with  each  circuit  was  demonstrated  in  the 
lno.53Gao.47As/lnP  materials  system.  A  novel  optical  logic  circuit  which  could 
be  optically  configured  to  operate  variously  as  an  amplifier,  h.stable  switch, 
latching  switch,  S-R  flip  flop  or  an  inverter  was  used  as  the  focus  of  this 
demonstration.  Furthermore,  very  high  sensitivity,  novel  heterojunction 
phototransistors  were  demonstrated  for  use  in  high  sensitivity,  low  power 
applications  which  typify  optically  powered  circuits.  It  is  expected  that  providing 
local,  “contactless”  power  using  PV  cells  monolithically  integrated  onto  the 
functional  OEIC  chip  can  be  used  to  advantage  in  highly  complex,  high  density 
optical  interconnect  and  optical  computing  systems.  The  study  of  these  latter 
applications  was  a  central  feature  of  a  broader  program  which  we  are  now 
pursuing  at  Princeton  University. 
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2.0  Approaches  Used 


The  program  provided  novel  solutions  to  many  of  the  various  issues 
concerning  remote  circuits  and  devices.  In  particular,  we  investigated  materials, 
devices  and  systems  which  make  use  of  circuits  which  require  no  contacts  to 
the  external  circuits.  The  power  required  to  drive  the  devices  was  supplied 
using  optical  means,  whereby  a  light  beam,  separate  from  the  beam  which 
carries  the  data  to  and  from  the  circuit,  is  incident  on  integrated  photovoltaic 
(PV)  elements.  These  elements  provided  the  necessary  power  to  the  OEICs, 
but  they  also  were  used  in  logic  circuits  to  enable  or  disable  a  particular  gate. 

Since  the  goals  of  the  project  were  to  demonstrate  the  device  concepts  in 
a  prototype  system,  it  was  necessary  to  engage  in  a  broad  research  program 
which  included  investigating  the  semiconductor  materials  growth  processes  to 
ensure  material  uniformity,  developing  novel,  photovoltaically  powered  OEIC 
detection  circuits,  and  implementation  of  the  circuits  in  prototype  demonstration 
systems.  The  key  results  of  this  program  are  detailed  below: 

A.  High  sensitivity  heterojunction  phototransistors 

To  obtain  the  highest  gain  at  the  lowest  possible  circuit  power 
dissipation,  as  is  required  for  optically  powered  circuits  (which  are  inherently 
“power  starved"),  we  began  our  investigations  by  demonstrating  a  novel 
heterojunction  bipolar  transistor  technology  ideally  suited  to  this  application. 
Thus,  a  novel,  high  sensitivity  phototransistor  for  use  in  very  low  power  circuit 
applications  was  demonstrated.  This  device,  known  as  the  high  doped,  low 
doped  dual  emitter  (or  HILOE)  transistor,  which  has  both  high  bandwidth  and 
good  responsivity  at  low  input  optical  powers,  was  fabricated  using 
lno.53Gao.47As/lnP  due  to  its  compatibility  with  long  wavelength 
communication  as  well  as  its  low  power  requirements.  The  design  of  the  HILOE 
structure  was  optimized  using  computer  solutions  to  Poisson's  Equation 
developed  in  our  laboratory  under  a  previous  ARO  contract.  Basically,  the  dual 
doped  emitter  greatly  reduces  carrier  recombination  at  the  lno.53Gao.47As/lnP 
heterojunction,  thereby  increasing  transistor  gain  at  low  base  currents  (and 
hence  low  input  optical  powers). 

A  comparison  of  HILOE  and  conventional  phototransistor  gain  as  a 
function  of  collector  current  is  shown  in  Fig.  1.  Here,  the  gain  of  the  HILOE 
device  is  clearly  superior  at  low  values  of  collector  current,  Ic,  corresponding  to 
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weak  optical  input  signals  (i.e.;  small  base  current,  Ib)-  Record  high  gains  at 
powers  of  as  low  as  40  nW  were  observed,  and  were  successfully  modelled 
using  a  computer  solution  to  Poisson’s  Equation.  The  fj  for  the  device  is  10-20 
GHz,  which  makes  it  an  outstanding  candidate  for  high  bandwidth,  high 
sensitivity  integrated  photoreceivers.  This  is  particularly  true  since  the 
phototransistor  is  easily  integrated  with  a  bipolar  transistor  preamplifier. 


Fig.  1:  Comparison  of  the  collector  characteristics  of  a  HILOE  and  a 
conventional  heterojunction  phototransistor.  Note  the  high  gain  at  low  Ic- 


B.  Integration  of  optical  logic 

As  the  demonstration,  optically  powered  device,  we  integrated  a  unique 
optoelectronic  logic  “transceiver”  in  the  lno.53Gao.47As/lnP  based  materials 
system  whose  circuit  is  shown  in  Fig.  2.  Full  operation  of  the  optical  logic 
elements  was  then  demonstrated  under  optical  powering.  That  is,  the  fully 
integrated  optical  logic  circuit  with  two  HPTs  for  optical  input  and  feedback,  an 
HBT  for  laser  prebias,  a  photoconductor  (PC)  for  feedback  control,  a  PC  for 
reset  and  a  series  resistor  for  output  clamping  all  worked  together  using  a  PV 
cell  array  to  supply  power  to  the  circuit.  This  is  perhaps  a  demonstration  of  the 
most  complex  InP-based  OEIC  (from  a  device  diversity  standpoint) 
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demonstrated  to  date.  The  circuit  exhibited  amplification,  bistability,  latching, 
invert,  and  set-reset  flip-flop  modes  of  operation  with  varying  levels  of  feedback 
power  (Pfb)  incident  on  the  feedback  PC.  The  transfer  function  of  the  switch  is 
shown  in  Fig.  3.  The  first  generation  circuit  had  an  optoelectronic  gain 
(Pout/Pin)  of  2.5  to  1 1 ,  a  bandwidth  of  40  MHz,  and  a  switching  energy  of  only 
3.8  pJ.  These  results  are  extremely  encouraging  since  they  point  to  excellent 
performance  in  subsequent  iterations  of  the  same  circuit  (i.e.,  no  fundamental 
design  changes)  by  simply  increasing  the  HPT  gain,  which  was  somewhat  low 
for  the  present  circuit  (50)  due  to  a  wide  base  region.  Switching  energies  as 
low  as  50  fJ  are  therefore  expected  once  the  growth  technology  used  is 
improved  to  obtain  thinner  base  widths.  This  is  the  best  performance 
anticipated  for  an  optoelectronic  switch  of  any  kind. 


Fig.  2:  Schematic  diagram  of  the  integrated  optoelectronic  logic  circuit. 

A  summary  of  the  circuit  performance  is  given  in  the  table  below.  The 
column  listed  as  “Expected”  assumes  only  modest  improvements  in  the  existing 
circuit  performance.  That  is,  the  circuit,  as  designed,  should  perform  to  this  level 
when  all  of  the  devices  on  board  are  optimized. 
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Table  1 

Optical  Logic  Circuit  Performance 


Parameter 

Meas. 

Expected 

Gain  (Pout/Pin) 

2.5  - 1 1 

50 

Bandwidth  (MHz) 

40 

500 

Power  Dissipation  (mW) 

5.3 

2 

Contrast  Ratio 

>100 

>100 

Switching  Energy  (pj) 

3.8 

0.05 

Pixel  Density  (#/cm2) 

300 

500 

Fig  3:  Transfer  function  of  the  circuit  shown  in  Fig.  2  using  various  control 
current  intensities. 

C.  Two-sided  wafer  growth 

A  key  technology  for  making  optically  powered  OEICs  efficiently  coupled  to 
optical  fibers  is  two-sided  wafer  growth.  As  shown  in  earlier  work  by 
Govindarajan  and  Forrest  (Applied  Optics,  April  10,  1991),  growth  of  the  PV  cell 
on  the  wafer  surface  opposite  that  of  the  data  detection  circuitry  greatly  reduces 
cross-talk  between  the  power  and  data  channels.  That  is,  the  intervening  InP 
substrate  efficiently  isolates  the  devices  on  the  opposite  wafer  surfaces  from 
optical  cross-talk.  Thus,  we  also  performed  work  on  growing  epitaxial  layers  on 
both  wafer  surfaces.  In  these  experiments,  we  concentrated  on  growing  an  HPT 
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structure  on  one  wafer  surface,  and  then  subsequently  growing  a  single, 
undoped  InP  layer  on  the  opposite  wafer  surface  which  is  used  as  the  PV  cell 
absorbing  layer.  Between  growths,  the  HPT  layers  are  coated  with  an 
encapsulating  SiNx  layer  which  prevents  surface  decomposition  during  the 
second  growth  sequence.  Here,  the  SiNx  was  deposited  at  350  °C  to  a 
thickness  of  1000  A,  and  had  a  SiH4/N2  gas  composition  which  results  in  an 
index  of  2.145  (i.e.,  the  nitride  is  Si-rich).  With  this  process,  the  SiNx  as  well  as 
the  first  grown  surface  withstood  the  660  °C  second  growth.  No  decomposition 
of  this  structure  is  observed.  Only  slight  “orange  peel”  texture  characteristic  of 
LPE  growth  is  apparent.  The  doping  and  thicknesses  of  the  HPT  layers  are  as 
follows: 


Table  2 


Material 

Function 

Doping 

Thickness 

InGaAs 

Collector  (n) 

2x1017 

1.0  pm 

InGaAs 

Base  (p) 

7x1018 

0.2  pm 

InP 

Emitter  (n) 

7x10^7 

1.5  pm 

6 


The  doping  of  each  layer  (with  the  exception  of  the  Cd-doped  base)  is  quite 
uniform,  as  shown  in  Fig.  4a.  For  a  typical  PV  cell,  the  InP  absorbing  layer  was 
2.0  pm  thick,  and  had  a  uniform  background  doping  of  5x1 cm*3.  This  was 
capped  with  a  p-InGaAs  contact  layer,  with  a  doping  of  1.5x1018  cm-3.  The  PV 
cell  layer  dopings  and  thicknesses  are  shown  in  Fig.  4b.  These  results  indicate 
that  two-sided  wafer  growth  has  been  successfully  achieved. 


Fig,  4b:  Polaron  plot  of  the  doping  and  thicknesses  of  the  PV  cell  layers  of  the 
two-sided  grown  wafer. 
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The  conduction-band  discontinuities  and  interface  charge  densities  of  several  n-N  isotype 
In^^Ga,  _jjAs/InP  (jt=0.53)  heterojunctions  with  lattice  mismatches  (Aa/a)  ranging  from 
-t-  0.26  to  —  0.24%  were  measured  using  capacitance-voltage  techniques.  To  facilitate 
these  measurements,  organic-on-inorganic  contact  barrier  diodes  were  used.  Extremely  low 
interface  charge  densities  (  <  1  X  10'°  cm  ~  are  obtained  for  all  the  samples,  which 
are  approximately  one  order  of  magnitude  lower  than  previously  reported  values  for  these 
heterojunctions.  We  find  that  the  interface  charge  density  is  independent  of  the  magnitude 
of  lattice  mismatch  and  temperature.  All  the  samples  show  a  clear  peak-and-notch  in 
their  apparent  free-carrier  concentration  profiles  at  temperatures  as  low  as  83  K.  This  is  in 
contrast  to  results  reported  previously  where  the  notch  is  observed  to  disappear  at  low 
temperature.  The  measured  heterojunction  conduction-band  discontinuity  is  also  found  to  be 
temperature  independent,  with  a  value  of  0.22  ±0.02  eV. 


It  is  well  known  that  defects  at  heterojunctions  can 
affect  the  performance  of  optoelectronic  devices.  For  ex¬ 
ample,  lattice  mismatch  induced  dark-line  defects  at 
AlGaAs/GaAs  heterojunctions  are  known  to  be  a  princi¬ 
ple  source  of  laser  degradation.'  In  heterojunction  (HJ) 
systems  such  as  InGaAs(P)/InP  where  there  is  no 
“natural”  lattice  match  condition,  great  care  must  be  taken 
during  growth  to  ensure  that  the  composition  of  the  qua¬ 
ternary  semiconductor  gives  a  near  perfect  lattice  match.  If 
such  a  condition  is  not  met,  a  large  number  of  defects  can 
be  generated  which  propagate  from  the  heterointerface. 
Other  researchers^^  have  speculated  that  this  lattice  mis¬ 
match  in  InGaAs(P)/InP  HJs  results  in  a  very  high  den¬ 
sity  of  localized  defect  charge.  The  presence  of  the  charge 
is  inferred  from  a  severe  distortion  in  the  free-carrier  con¬ 
centration  profiles  of  these  HJs  obtained  at  low 
temperature^'^  using  capacitance-voltage  (C-F) 
techniques.^  To  date,  however,  there  has  been  no  system¬ 
atic  study  which  indicates  that  this  fixed  charge,  which  has 
been  universally  observed  in  Itig  }3Gao.47As/InP  HJs,  is  in 
fact  due  to  lattice  mismatch. 

In  this  study,  we  have  grown  a  series  of  In^^Ga)  _  j^As/ 
InP  heterojunctions  in  which  the  lattice  mismatch  was  var¬ 
ied  over  a  very  broad  range;  i.e.,  from  —  0.24  to  -(-  0.26%. 
Here,  positive  mismatch  corresponds  to  compositions  of 
In^Ga,  _  ^s  whose  lattice  constant  is  larger  than  that  of 
InP.  Using  C-  V  techniques,  we  find  that  there  is  no  corre¬ 
lation  between  lattice  mismatch  and  fixed  interface  charge 
density.  Furthermore,  the  charge  densities  measured  in  our 
samples  are  significantly  lower  than  10'°  cm  ~  which  to 
our  knowledge  represent  the  lowest  values  yet  reported  for 
Ino  53Gao47As/InP  HJs.  We  observe,  for  the  first  time,  that 
the  free-carrier  concentration  profile  measured  in  the  het¬ 
erointerface  region  is  temperature  independent,  indicative 
of  the  high  quality  of  the  HJs  studied.  From  these  results, 
we  conclude  that  the  source  of  the  widely  observed  tem¬ 
perature  dependence  of  these  profiles  is  a  result  of  native 
defects  or  impurities  introduced  during  growth,  which  are 
noticeably  absent  in  our  growth  process. 

As  noted  above,  a  good  measure  of  the  heterointerface 


quality  is  the  density  of  the  fixed  charges  which  reside  at 
the  heterointerface.  The  dangling  bonds  and  defects  caused 
by  the  lattice  mismatch,  if  they  are  electrically  active, 
should  trap  free  carriers  and  create  fixed  interface  charges. 
Kroemer  et  al.*  have  shown  that  the  conduction-band  dis¬ 
continuity  and  interface  charge  density  can  be  determined 
from  the  apparent  free-carrier  concentration  profiles  ob¬ 
tained  from  C-V  measurements.  The  band  diagram  of  an 
n-N  isotype  type  1  heterojunction,  such  as  Ino.53Ga<]  47As/ 
InP,  is  shown  in  the  inset  of  Fig.  1 .  From  this  diagram,  it 
is  apparent  that  the  conduction-band  offset  energy  is  re¬ 
lated  to  the  diffusion  potential  Vg  across  the  heterojunction 
via 


+  (1) 

Here,  q  is  the  electronic  charge,  and  and  are  the 
depths  of  the  Fermi  levels  as  measured  from  the 
conduction-band  edges  in  the  large  and  small  band-gap 
layers,  respectively.  The  diffusion  potential  across  *.he  het¬ 
erojunction,  Vp,  is  given  by* 


VpJ-  f"  (2) 

^  J  —  ao 

The  fixed  charge  density  at  the  heterojunction,  cr,  is  deter¬ 
mined  using 


[N^{x*)-n*{x*)]dx*, 


(3) 


where  e  is  the  semiconductor  permittivity,  and  n*{x*)  is 
the  measured  apparent  free-carrier  concentration  deter¬ 
mined  using  standard  C-V  analysis  methods.’  Also, 
N^(,x*)  is  the  background  doping  concentration  which  is 
equal  to  n*(x*)  in  the  InP  and  Ino.53Gao 47AS  layers  far 
away  from  the  heterojunction,  and  Xj  is  the  actual  distance 
of  the  heterojunction  from  the  rectifying  contact. 

Three  liquid  phase  epitaxially  (LPE)  grown  samples 
have  been  studied  in  this  experiment.  Double-crystal  x-ray 
diffraction  was  used  to  determine  the  lattice  mismatch  be¬ 
tween  the  In^iGa,  _  jfAs  layer  (x=b0.53)  and  the  underlying 
InP  layer.  The  lattice  mismatches  of  these  three  samples 
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FIG.  I  .  Apparent  free-carrier  concentration  profiles  for  sample  Nos.  1, 2, 
and  3  measured  at  83  K.  The  inset  shows  the  energy-band  diagram  of  a 
typical  n-N  type  1  heterojunction. 

are  —  0.24,  —  0.03,  and  +  0.26%,  corresponding  to  sam¬ 
ple  Nos.  1,  2,  and  3,  respectively.  The  variation  of  lattice 
mismatch  across  a  ( IS  mm)^  wafer  was  found  to  be  less 
than  ±0.03%,  for  the  worst  case  sample. 

The  InP  and  In^Gai  _  ,As  layers  were  grown  on 
(100)  S-doped  n  ^-InP  substrates  with  an  electron  con¬ 
centration  of  approximately  3xl0'*  cm“^.  Prior  to 
growth,  the  substrates  were  organic  solvent  cleaned,  etched 
in  a  solution  of  3:1:1  H2S04:H202:H20  for  4  min,  and 
finally  rinsed  in  de-ionized  water  immediately  before  load¬ 
ing  into  a  graphite  boat.  For  surface  preservation  during 
heat-up  and  melt  homogenization,  the  substrate  was  kept 
under  a  Sn-InP  melt^  using  a  basket  inserted  into  the 
graphite  boat.  The  growth  melt  for  the  In^^Gai  _  ^^s  layer 
was  prepared  using  ultrahigh  purity  (99.99999  -|-  %)’  In 
prebaked  for  24  h  at  700 ‘C.  After  the  bake,  99.9999% 
pure  polycrystalline  InAs  and  GaAs  were  added  to  the 
melt.  Lattice  mismatch  was  achieved  by  varying  the  per¬ 
centage  of  Ga  in  the  melt.  We  grew  seven  wafers  with 
different  lattice  mismatches,  and  found  that  the  lattice  mis¬ 
match  was  almost  linearly  related  to  the  atomic  percentage 
of  Ga  in  the  melt.  For  a  melt  liquidus  temperature  of 
650  *C,  as  Xq^  is  changed  from  2.51  to  2.30%,  the  lattice 
mismatch  (Aa/o)  varied  from  —0.24  to  -1-0.26%.  Here, 
Xq,  is  defined  as  the  atomic  percentage  of  Ga  in  the  melt. 
The  growth  solutions  were  baked  prior  to  growth  for  48  h 
at  a  temperature  20  *C  higher  than  the  liquidus  tempera¬ 
ture  to  reduce  the  background  doping  concentrations  of 
the  layers.  The  In-InP  melt  was  prepared  using  prebaked, 
99.99999  %  In.  The  melt  was  then  baked  for  an  addi¬ 

tional  48  h  after  adding  a  small  amount  of  InP  for  satura¬ 
tion  purposes.  The  substrate  was  slid  through  an  undersat¬ 
urated  In-InP  melt  just  before  growth  to  obtain  a  fresh 
surface. 

A  2-3-/im-thick  InP  buffer  layer  was  grown  by  the 
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two-phase  method*  at  a  rate  of  0.3  /xm/'C,  followed  by  an 
In,Ga,  _  layer  grown  with  3  °C  of  supercooling  at 
647  °C.  The  growth  rate  of  the  In^^GU)  _  layer  strongly 
depends  on  the  sign  and  magnitude  of  the  lattice  mismatch, 
varying  from  0.6  fj.m/°C  for  Aa/a  =  -f  0.26%.  to  2. 1  jxm/ 
’C  for  Aa/fl  =  —  0.24%.  This  result  is  expected  since  the 
growth  rate  is  limited  by  the  diffusion  of  Ga  within  the 
melt.  To  obtain  a  uniform  layer  thickness  and  smooth  sur¬ 
face  morphology,  the  furnace  was  calibrated  to  obtain  a 
uniform  temperature  profile  to  within  ±0. 1  °C  over  a  25 
cm  length.  We  found  that  the  surface  morphology  of  neg¬ 
atively  lattice-mismatched  In;,Ga,  _  ^^As  layers  are  gener¬ 
ally  better  than  those  of  positively  lattice-mismatched  ones. 
In  addition,  the  growth  melt  cannot  be  wiped  off  from  the 
wafer  surface  for  In^Ga]  _  layers  with  |  Aa/a  |  >  0.3%. 

To  facilitate  the  C-V  measurement,  organic-on- 
inorganic  (OI)  semiconductor  contact-barrier  diodes  were 
fabricated  to  form  a  rectifying  contact  with  the  top  semi¬ 
conductor  layer.’’ These  diodes  were  made  in  the  follow¬ 
ing  manner:  A  100  A  Cr  followed  by  a  2000  A  Au  layer 
was  vacuum  deposited  to  form  the  contact  on  the  substrate 
surface.  Next,  a  l(XX)-A-thick  layer  of  the  prepurified  or¬ 
ganic  semiconductor  was  vacuum  sublimed  onto  the  epi¬ 
taxial  layer  surface  of  the  wafer.  The  organic  compound 
employed  was  3,  4,  9,  10  perylenetetracarboxylic  dianhy¬ 
dride  (PTCDA).  Finally,  5.3  X  10“’  cm^  circular  In  con¬ 
tacts  were  deposited  onto  the  PTCDA  surface  through  a 
shadow  mask.  The  organic  layer  forms  a  rectifying  HJ 
barrier  with  the  underlying  semiconductor  such  that  large 
reverse  bias  voltages  can  be  applied  to  the  diode  ( typically 
18  V  for  In^Gai.^As  with  a  doping  of  IxlO’’  cm“^) 
without  inducing  large  reverse  leakage  currents.  Usually, 
the  reverse  saturation  current  is  less  than  10  mA/cm%  and 
the  sample  under  study  can  be  deeply  depleted  prior  to 
undergoing  breakdown.  A  detailed  description  of  the  tech¬ 
nique  of  using  organic  films  for  wafer  analysis  is  presented 
elsewhere.’’ 

Capacitance-voltage  measurements  were  performed  at 
temperatures  ranging  from  293  to  83  K.  The  measurement 
frequency  used  was  1  MHz,  and  the  ac  test  signal  ampli¬ 
tude  was  10  mV^j.  The  apparent  free-carrier  concentra¬ 
tion  profiles  of  sample  Nos.  1,  2,  and  3  measured  at  83  K 
are  shown  in  Fig.  1 .  As  shown  in  this  figure,  the  peak  and 
notch  are  clearly  evident  for  all  three  samples,  and  no 
distortion  of  these  profiles  from  room  to  low  temperature 
are  observed.  This  result  contradicts  that  of  Lang  et  al. ' ' 
who  suggested  that  HJ  series  resistance  causes  the  notch  in 
the  Ino.53Gao47As/InP  HJs  to  vanish  at  low  temperature. 
By  that  assumption,  this  distortion  should  be  observed  in 
all  low-temperature  C-V  measurements  made  on  this  HJ 
system,  in  clear  contradiction  to  our  results. 

The  low  and  flat  free-carrier  concentrations  on  both 
sides  of  the  HJ  observed  in  the  profiles  in  Fig.  1  provide  an 
accurate  determination  of  the  background  doping  concen¬ 
tration  [Nj).  This  minimizes  the  error  in  calculating  the 
diffusion  potential  Vp  and  conduction-band  offset  energy 
A£r  using  Eqs.  ( 1 )  and  (2).  Figure  2  shows  the  measured 
conduction-band  offset  energies  of  these  three  samples  as  a 
function  of  temperature.  As  expected,  the  measured 
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RG.  2.  Measured  conduction-band  offset  as  a  function  of  temperature  for 
sample  Nos.  1.  2.  and  3. 

conduction-band  offset  is  independent  of  temperature,  and 
has  an  average  value  of  0.22^0.02  eV.  The  error  bars  in 
the  figure  are  due  to  the  uncertainties  in  choosing  the  back¬ 
ground  doping  (Nj)  on  the  In^Gai  _  ^  side  of  the  het¬ 
erojunction.  This  measured  band  offset  value  is  consistent 
with  previous  reports  of  A£f  for  Ino.53Gao.47As/InP  HJs 
measured  at  room  temperature. However,  to  our 
knowledge,  this  is  the  first  time  that  such  a  value  is  found 
to  be  completely  temperature  independent,  even  though  in 
some  cases  the  lattice  mismatch  is  quite  large. 

The  fixed  charge  density  at  the  heterointerface  is 
shown  in  Fig.  3  as  a  function  of  temperature.  The  error 
bars  here  are  also  due  to  uncertainties  in  determining  Nj. 
Although  there  is  a  small  variation  in  a  at  different  tem¬ 
peratures,  the  value  of  a  is  at  least  one  order  of  magnitude 
smaller  than  the  values  reported  previously  for 
Ino  53Gao.47As/InP  HJs.^’^  '^  '^  Since  the  value  of  a  is  so 
small,  the  variation  in  a  with  temperature  can  be  attributed 
to  the  limitation  on  capacitance  measurement  accuracy. 
The  small  cr  values  in  our  samples  also  confirm  that  the 
filling  in  of  the  notch  region  in  previously  reported 

data^’^’  12.13 

due  to  charge  trapping  at  a  high  density  of 


RG.  3.  Interface  fixed  charge  density  as  a  function  of  temperature  for  the 
three  samples  in  Fig.  2. 


defects  at  the  heterointerface  at  low  temperature.  It  is  sur¬ 
prising  that  sample  No.  2,  which  is  lattice  matched  at  the 
growth  temperature,  has  the  highest  value  of  a,  whereas 
sample  No.  3,  which  has  Aa/a  =  +  0.26%,  has  the  small¬ 
est  a.  Thus,  we  can  conclude  that  lattice  mismatch  has  no 
effect  on  creating  the  heterointerface  fixed  charge.  That  is, 
the  defects  induced  by  lattice  mismatch  are  not  electrically 
active.  The  energy  states  created  by  defects  at  the  hetero¬ 
interface  are  either  pulled  into  the  conduction  or  valence 
band  at  the  heterointerface,  instead  of  residing  in  the  band- 
gap  region. 

In  conclusion,  we  have  measured  the  interface  fixed 
charge  density  and  conduction-band  discontinuity  of  three 
In^Ga)  _  ^^/InP  HJs  with  lattice  mismatches  ranging 
from  —  0.24  to  +  0.26%.  The  measurements  show  that 
the  interface  charge  density  is  independent  of  both  the 
magnitude  and  the  sign  of  the  lattice  mismatch,  contrary  to 
assertions  made  in  previous  work.  We  conclude  that  the 
fixed  interface  charges,  therefore,  must  come  from  the 
other  sources,  e.g.,  from  phosphorus  vacancies  created  dur¬ 
ing  wafer  translation,'^  or  impmrities  incorporated  during 
growth.  In  fact,  we  attribute  the  very  low  interface  charge 
densities  obtained  in  this  work  to  the  use  of  ultrahigh  pu¬ 
rity  In  in  the  growth  melt.  Experiments  in  our  laboratory 
with  slightly  less  pure  In  sources  (99.99995%)  show 
higher  values  of  or  than  those  reported  here,  and  a  detailed 
report  of  those  experiments  will  appear  elsewhere.  The  re¬ 
sults  described  here,  therefore,  suggest  that  perfect  lattice 
match  is  not  a  strict  requirement  for  devices  utilizing  this 
heterqjunction  system. 

From  the  device  processing  point  of  view,  slightly  neg¬ 
ative  lattice-mismatched  LPE-grown  Ino.s3Gao47As  might 
be  more  suitable  for  device  processing  since  the  surface  is 
smoother  than  those  with  perfect  or  positively  mismatched 
layers.  However,  for  devices  requiring  thin  epitaxial  layers, 
positive  lattice  mismatch  is  desired  because  the  growth  rate 
is  much  slower,  and  thus  the  layer  thickness  is  easier  to 
control. 

The  authors  gratefully  acknowledge  the  Army 
Research  Office  (N.  Stroscio)  for  partial  support  of  this 
work. 
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We  describe  both  theoretical  and  experimental  investigations  of  the  effects  of  inserting  a  thin, 
low-doped  layer  into  the  emitter  of  an  InP/Ino  5jGao47As  heterojunction  phototransistor 
(HPT).  This  high-low  emitter  structure  has  improved  sensitivity  over  conventional  structures 
at  low  input  optical  power  by  decreasing  the  bulk  recombination  current  at  the 
heterointerface.  Experimental  data  show  that  the  photocurrent  gain  is  independent  of  the 
incident  optical  power  at  high  input  powers,  corresponding  to  a  heterojunction  ideality  factor 
of  1 .  At  low  input  power,  the  gain  is  found  to  have  a  small  power  dependence,  with  an 
ideality  factor  of  1.25.  A  current  gain  as  high  as  260  is  obtained  at  an  input  power  of  only  40 
nW.  These  results,  which  are  consistent  with  numerical  simulations  of  the  HPTs,  give 
direct  evidence  that  bulk  recombination  in  the  space-charge  region  at  the  emitter/base 
junction  is  the  major  source  of  recombination  current  for  an  InP/In^  jjGao  47AS  HPT. 


It  is  well  known  that  the  photocurrent  gain*  of  a  typ¬ 
ical  heterojunction  phototransistor  (HPT)  drops  dramati¬ 
cally  at  low  optical  power,  thereby  limiting  the  sensitivity 
of  the  device.  This  behavior  is  attributed  to  different 
sources  of  recombination  currents,  such  as  Shockley- 
Read-Hall  (SRH)  recombination  through  deep  levels, 
band-to-band  radiative.  Auger,  and  surface  recombination 
currents.  The  understanding  of  the  contribution  of  each 
component  to  the  total  recombination  current,  and  the 
suppression  of  the  major  recombination  source,  therefore, 
are  key  to  the  improvement  of  the  sensitivity  of  HPTs. 

Under  normal  HPT  operating  conditions,  the  emitter/ 
base  (E/B)  junction  is  forward  biased,  and  most  of  the 
recombination  current  occurs  in  the  space-charge  region 
(SCR)  of  this  junction.  The  design  of  the  E/B  heterojunc¬ 
tion  (HJ)  can  be  classified  into  two  categories: 
composition-graded,^'^  and  composition-abrupt 
junctions.’’^  Ideally,  the  insertion  of  a  composition-graded 
region  at  the  E/B  junction  can  eliminate  the  potential  en¬ 
ergy  spike  at  the  emitter  side  of  the  HJ,  and  thus  increase 
the  emitter  injection  efficiency.  It  has  been  shown  both 
experimentally^  and  theoretically,’  however,  that  the  re¬ 
combination  current  is  also  greatly  enhanced  in  this  case. 
From  these  previous  results,  the  emitter  injection  efficiency 
is  expected  to  decrease  at  low  current,  where  the  recombi¬ 
nation  current  at  the  HJ  is  a  limiting  factor.  Furthermore, 
the  reduction  of  the  potential  spike  also  decreases  the  ki¬ 
netic  energy  of  the  electrons  injected  from  the  emitter  into 
the  base."  This  not  only  increases  the  transit  time  of  elec¬ 
trons  across  the  base  (thereby  limiting  the  device  band¬ 
width),  but  also  reduces  the  base  transport  factor.^  The 
drop  of  both  emitter  injection  efficiency  and  base  transport 
factor  is  expected  to  limit  the  gain  of  the  device,  especially 
at  low  current  levels. 

As  proposed  by  Kroemer,"  the  bulk  recombination 
current  at  the  E/B  junction  car  be  reduced  by  putting  a 
high  density  of  acceptor  impurities  at  the  heterointerface. 
In  other  words,  if  bulk  recombination  at  the  HJ  is  the 
major  source  of  recombination  current,  we  can  improve  the 
sensitivity  and  the  speed  of  HPTs  simply  by  growing 
composition-abrupt  emitter  layers  with  high-low  carrier 


concentration  profiles.  The  high-low  emitter  structure  is 
similar  in  some  respects  to  the  double  emitter,  double  base 
phototransistors  proposed  by  Chen  et  al. However,  their 
structure  was  designed  only  to  reduce  the  emitter/base  ca¬ 
pacitance  without  sacrificing  the  emitter  injection  effi¬ 
ciency,  but  the  sensitivity  of  these  HPTs  is  not  expected  to 
be  improved  beyond  a  conventional  structure."  Further¬ 
more,  they  fabricated  this  structure  using  GaAs/AlGaAs 
HPTs,  where  the  surface  recombination  current  in  the  ex¬ 
trinsic  base  region  is  believed  to  be  the  main  source  of 
recombination."  On  the  other  hand,  no  dependence  of  the 
current  gain  on  emitter  perimeter-to-area  ratio  was 
observed  for  lno.53Gao47As/lnP  bipolar  transistors,"  indi¬ 
cating  that  surface  recombination  current  is  negligible  for 
this  material  system.  Therefore,  InP/Ino  53Gao  47As  HPTs 
are  good  candidates  to  demonstrate  the  effectiveness  of 
structures  which  suppress  bulk  recombination. 

In  this  letter,  we  describe  both  theoretical  and  experi¬ 
mental  results  of  the  effects  on  the  photocurrent  gain  of 
inserting  a  thin,  low-doped  layer  into  the  emitter  of  an 
InP/Ino  53Gao  47AS  heterojunction  phototransistor.  The 
structure  is  called  a  high-low  emitter  (HILOE)  HPT,  and 
its  cross  section  is  shown  in  the  inset  of  Fig.  I. 

The  simulation  of  the  transistor  operation  is  based  on 
the  drift-diffusion  model,'*  where  no  tunneling  through  the 
potential  barrier  at  the  E/B  junction  is  considered.  The 
optical  generation  is  assumed  to  be  the  only  source  of  gen¬ 
eration  of  electron  hole  pairs.  Also,  both  SRH  recombina¬ 
tion  and  band-to-band  recombination  are  included. 

The  collector  current  (7^)  of  the  HPT,  when  biased  at 
voltage  ^CE  and  illuminated  by  light  incident  with  optical 
power  P,  ,  can  be  calculated  by  solving  the  Poisson  and 
continuity  equations.  The  photocurrent  gain  {M),  defined 
as  the  ratio  of  the  number  of  photogenerated  electrons  to 
the  number  of  incident  photons,  is  calculated  via 

M=(I,-Io)hv/qP„  (1) 

where  7^  is  the  dark  current,  v  is  the  frequency  of  the 
incident  photon,  h  is  Planck’s  constant,  and  q  is  the  elec¬ 
tronic  charge.  It  has  been  shown"  that  the  photocurrent 
gain  (A7)  is  proportional  to  the  collector  current  (7,.),  viz. 
A/oc7"  ■  The  slope  of  a  plot  of  log(A7)  vs  log(7r). 
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FIG.  I.  Calculated  comparison  between  HILOE  (solid  line)  and  conven¬ 
tional  (dashed  line)  HPT  gains  vs  collector  current,  (inset)  Schematic 
cross-sectional  view  of  HILOE- HPT. 

therefore,  can  give  the  ideality  factor  (/i)  of  the  HJ.  For 
R  =  1,  bulk  and  surface  recombination  currents  are  small 
compared  with  the  base  diffusion  current,  whereas  for  R  ->2 
the  opposite  situation  is  obtained. 

For  a  conventional  HPT,  the  doping  concentrations  of 
emitter,  base,  and  collector  used  for  simulation  were  aS' 
sumed  to  be  4  x  10*’  cm  “  \  1 X  10**  cm  "  \  and  3x  10** 
cm  ~  \  and  the  layer  thicknesses  to  be  2 , 0.2,  and  2  fim, 
respectively.  The  HILOE-HPT  consists  of  an  additional 
N  "  -InP  layer  (of  thickness  d)  inserted  into  the  emitter  of 
a  conventional  device.  For  this  calculation,  we  take 
d  =  500  A  and  a  doping  concentration  (Noj)  of  1 X 10** 
cm~  *  for  the  N“-InP  layer.  In  Fig.  1,  we  present  the 
values  of  M  calculated  for  both  the  HILOE  (solid  line) 
and  conventional  (dashed  line)  HPTs  using  the  approach 
discussed  above.  From  the  figure,  we  see  that  the  gain  of 
HILOE-HPT  is  only  weakly  dependent  on  the  collector 
current,  with  n  =  1.02  — an  indication  of  diffusion  current- 
dominated  transport.  On  the  other  hand,  the  gain  of  the 
conventional  HPT  strongly  depends  on  the  collector  cur¬ 
rent,  with  R  =  1.8.  This  latter  value  of  n  is  consistent  with 
those  typically  observed  for  conventional  InP/ 
Ino.33Gao.47As  HPTs,  either  from  our  experimental  results 
(see  below),  or  those  reported  in  the  literature.*  From  this 
figure,  we  conclude  that  HILOE-HPT  can  reduce  the  re¬ 
combination  current  and  thus  enhance  the  gain  at  low  in¬ 
put  optical  power  (and  hence  at  low  7^). 

The  HILOE-HPT  studied  in  this  work  (c.f.,  inset.  Fig. 
1 )  was  grown  on  a  ( 100)  Fe-doped  semi-insulating  InP 
substrate  by  liquid  phase  epitaxy  (LPE).  In  order  to  min¬ 
imize  the  outdiffusion  of  the  p  dopant  from  the  base  into 
the  low-doped  emitter,  Cd  was  used  as  the  base  dopant. 
The  base  doping  concentration  was  3x  10**  cm”’.  Fur¬ 
thermore,  the  thin  emitter  layer  is  slightly  Sn-doped  to 
compensate  the  Cd  out-diffused  from  the  base.  For  wafer 
No.  1,  a  2-pm-thick  Sn-doped  (2x  10*’  cm”’)  InP  emit¬ 
ter  was  grown,  followed  by  0. 1 -/xm-thick.  Sn-doped 
(2x  10'* cm”’)  N~-lnP  layer.  Next,  a  0.24-^m-thick,  Cd- 
doped  (2x  10**  cm”’)  Ino,iGao47As  base,  followed  by  a 
0.7-/im-thick  (2x  10**  cm”’)  Ino,3Gao47As  collector 
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FIG.  2.  Measured  free-carrier  concentration  vs  distance  for  the  HILOE 
structure. 

were  grown.  Wafer  No.  2  was  a  conventional  HPT  struc¬ 
ture  with  layer  dopings  and  thicknesses  similar  to  those  of 
the  HILOE  device,  with  the  exception  of  the  thin  extra 
emitter  layer. 

The  doping  concentration  and  layer  thickness  of  each 
epitaxial  layer  was  measured  using  an  electrochemical  pro¬ 
filer.  Figure  2  shows  the  carrier  concentration  versus  dis¬ 
tance  for  wafer  No.  1.  The  collector,  base,  and  emitter 
regions  are  indicated  in  the  figure.  Note  that  a  0.1-/xm- 
thick  (2x10**  cm”’)  emitter  layer  region  is  clearly  ob¬ 
served.  This  region  is  r  type,  implying  that  Sn  indeed  com¬ 
pensates  the  Cd  diffused  from  the  base.  Furthermore,  the 
built-in  potential  at  the  E/B  junction  was  measured  to  be 
0.93  eV.  This  value  can  be  related  to  the  conduction-band 
discontinuity  energy  (A£<.)  via  =9^^ 

—  £j2  +  5i  +  Sz’  where  Egj  is  the  energy  gap  of 
Ino  j3Gao47As  and  5|,  61  arc  the  depths  of  the  Fermi  levels 
as  measured  from  the  conduction-band  minimum  for  InP, 
and  the  valence-band  maximum  for  Iuq  53GaQ  47AS.  From 
the  calculation.  A£r  is  0.22  eV,  which  is  close  to  the  value 
(0.24  eV)  reported  in  the  literature,’*  indicating  that  the 
E/B  junction  is  abrupt.  As  has  been  pointed  out.”  the 
barrier  height  at  the  E/B  junction  is  strongly  affected  by 
the  /1-type  dopant  diffusion  into  the  emitter.  Hence,  the 
consistency  of  the  measured  with  earlier  data  also 
implies  that  the  use  of  Cd  dopants  can,  indeed,  reduce  the 
displacement  of  the  p/n  junction  away  from  the  HJ. 

After  crystal  growth  and  characterization  of  the  epi¬ 
taxial  layers,  a  S0-/(m-diam  Au/Sn  collector  contact  was 
deposited  and  patterned  using  metal  lift-off.  The  collector 
mesa  was  defined  by  the  collector  contact,  and  citric  acid 
was  used  to  selectively  etch  both  the  R-Ino33Gao47As  and 
/>-Ino53Gao47As  layers.  The  Au/Sn  emitter  contact  was 
then  formed  on  top  of  the  emitter  region,  followed  by  iso¬ 
lating  the  emitter  using  a  KKI  solution 
(HCL:CH3CC)0H:H20-  in  a  ratio  of  1:2:1).  Finally,  the 
metal  contacts  were  alloyed  at  425  *C  for  1  min  to  reduce 
the  contact  resistance. 

For  the  measurement  of  photocurrent  gain,  a  1.3  pm 
wavelength  light-emitting  diode  (LED)  was  used  as  the 
light  source,  and  optical  powers  of  up  to  2.5  pW  were 
incident  on  the  HPT  via  the  substrate  surface.  The  com- 
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FIG.  3.  Measured  phoiocurrent  gain  (solid  line)  and  current  gain 
(dashed  line)  vs  collector  current  (/,)  for  both  HILOE  (wafer  No.  I) 
and  conventional  (wafer  No.  2)  structures. 

(non  emitter  characteristics  of  both  wafers  were  measured 
and  compared.  A  gain  as  high  as  130  was  obtained  at  an 
input  power  of  only  40  nW  for  wafer  No.  1.  However,  a 
gain  of  only  35  was  measured  at  the  same  input  optical 
power  for  wafer  No.  2.  In  other  words,  an  improvement  of 
gain  by  a  factor  of  3.7  has  been  achieved  at  /*,  =40  nW 
using  the  HILOE  structure. 

Figure  3  shows  M  versus  collector  current  il^)  for 
both  samples  (solid  lines).  The  photocurrent  gain  of  wafer 
No.  1  is  independent  of  at  high  collector  current,  corre¬ 
sponding  to  n  =  1.  At  low  collector  current,  the  gain  was 
found  to  have  a  small  current  dependence,  with  n  =  1.25. 
In  contrast,  the  gain  of  wafer  No.  2  decreases  rapidly  with 
collector  current,  and  gives  n  =  1.75  over  the  entire  range 
of  tested — a  value  typical  of  InP/Ino,33Gao.47As  HPTs 
grown  by  LPE'  and  consistent  with  the  modeling  results  in 
Fig.  1 .  To  our  knowledge,  the  ideality  factor  of  wafer  No. 
1  is  the  lowest  value  achieved  for  HPTs  grown  using  LPE. 

A  conventional  Ing  33Gao  47As/InP  HPT  with  n  =  1.2 
grown  by  gas  source  molecular  beam  epitaxy  has  also  been 
reported.'^  This  low  n  value  is  believed  to  be  due  to  the 
high  quality  of  the  heterointerface  obtained  by  this  growth 
technique,  which  reduces  the  recombination  current  by  in¬ 
creasing  the  minority-carrier  lifetime  at  the  interface.  On 
the  other  hand,  the  HILOE  structure  we  present  here  can 
reduce  the  recombination  current  simply  by  reducing  the 
minority-carrier  concentration  at  the  HJ.  In  our  case,  the 
quality  of  heterointerface  is  not  critical,  thus  reducing  the 
dependence  on  the  crystal  growth  technique  employed. 

For  some  devices  on  wafer  Nos.  1  and  2,  base  contacts 
were  formed.  This  enabled  the  measurement  of  quantum 
efficiency  (t;)  by  reverse  biasing  the  base/collector  junc¬ 
tion  and  illuminating  it  with  1.3  fim  wavelength  light 
through  the  substrate  side  of  the  wafer.  After  the  quantum 
efficiency  measurement,  the  current  gain  (^),  which  is 
equal  to  M/if,  was  directly  measured  for  both  wafers.  Re¬ 
sults  are  shown  in  Fig.  3  (dashed  lines).  A  high  current 
gain  of  260  was  obtained  at  P,  =  40  nW  for  wafer  No.  1, 
which  is  an  improvement  by  a  factor  of  4.5  over  the  con¬ 
ventional  device  gain. 

In  conclusion,  both  theoretical  and  experimental  re¬ 
sults  show  that  the  growth  of  a  thin,  low-doped  N  “  -InP 


layer  in  the  emitter  of  a  N-InP/P ' -Ino  53Gao47As//i- 
Ino;3Gao47As  HPT  can  improve  its  optical  sensitivity  by 
diminishing  the  recombination  current  at  the  heterointer¬ 
face.  The  significant  gain  enhancement  of  HILOE-HPTs 
indicates  that  both  bulk  and  interface  recombination  cur¬ 
rents  at  the  emitter/base  junction  are  the  major  sources  of 
recombination  for  this  material  system. 

The  HILOE  structure  can  also  be  applied  to  other 
material  systems  with  high  surface  recombination  currents 
(such  as  GaAs/AlGaAs)  if  a  proper  surface  passivation 
technique  is  used.  One  of  the  strengths  of  the  HILOE 
structure  is  that  it  can  diminish  the  recombination  current 
by  reducing  the  minority-carrier  concentration  in  the 
notch  region  of  the  HJ,  rather  than  by  increasing  the 
minority-carrier  lifetime.  Hence,  the  performance  of  the 
HPT  is  less  dependent  on  the  quality  of  the  heterointerface 
growth  method  used. 

It  has  been  pointed  out^  that  the  use  of  a  graded  base 
reduces  the  electron  transit  time  which  increases  the  band¬ 
width  of  the  bipolar  transistor.  This  idea  has  also  been 
demonstrated  successfully  for  the  AlGaAs/GaAs  HPT.'* 
Hence  the  use  of  the  double  emitter  layer  with  a  high-low 
carrier  concentration  profile,  along  with  a  graded  base  will 
be  expected  to  result  in  both  a  high  sensitivity,  and  high 
bandwidth  HPT. 
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c.  A  high-gain,  high-bandwidth  lno,53Gao.47As/lnP  heterojunction 
phototransistor  for  optical  communications 
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We  describe  investigations  of  the  effects  of  inserting  a  thin,  low-doped  layer  into  the  emitter 
of  an  InP/Ino53Gao47As  heterojunction  phototransistor  (HPT).  This  high-low  emitter 
structure  has  improved  sensitivity  and  bandwidth  over  conventional  structures  at  low  input 
optical  power  by  decreasing  the  bulk  recombination  current  at  the  heterointerface. 
Expenmental  data  show  that  the  photocurrent  gain  is  independent  of  the  incident  optical 
power  at  high  input  powers,  corresponding  to  a  heterojunction  ideality  factor  of  1 .  At  low 
input  power,  the  gain  is  found  to  have  a  small  power  dependence,  with  an  ideality 
factor  of  1.25.  A  current  gain  as  high  as  260  is  obtained  at  an  input  power  of  only  40  nW. 
These  results,  which  are  consistent  with  numerical  simulations  of  the  HPTs,  give  direct 
evidence  that  bulk  recombination  in  the  space-  charge  region  at  the  emitter/base  junction  is 
the  major  source  of  recombination  current  for  an  InP/In^  53Gao  47AS  HPT  A  second 
structure  is  also  proposed  to  improve  the  sensitivity  by  inserting  a  heavily  doped  layer  into 
the  base. 


I.  INTRODUCTION 

Recently,  there  has  been  considerable  interest  in  the 
development  of  heterojunction  phototransistors  ( HPTs )  as 
an  alternative  to  p-i-n  detectors  for  long-wavelength 
photoreceivers since  the  HPT  can  provide  large  photo¬ 
current  gain’  without  the  high  bias  voltages  and  excess 
avalanche  noise  characteristic  of  avalanche  photodiode  op¬ 
eration.  Furthermore,  the  HPT  is  well  suited  to  integration 
with  heterojunction  bipolar  transistors  in  receivers  or  other 
circuits. 

In  optical  fiber  communications,  the  optical  signal  di¬ 
minishes  with  distance,  and  the  sensitivity  of  a  photore¬ 
ceiver  drops  at  high  frequency.  In  order  to  allow  for  large 
repeater  separation  and  high-bandwidth  operation,  photo¬ 
receivers  require  high  gain  at  low  received  optical  powers; 
i.e.,  they  require  high  sensitivity  at  low  input  optical 
power.  It  is  well  known,'  however,  that  the  photocurrent 
gain  of  a  typical  heterojunction  phototransistor  drops  dra¬ 
matically  at  low  optical  power,  thereby  limiting  the  sensi¬ 
tivity  of  the  device.  This  behavior  is  attributed  to  different 
sources  of  recombination  currents,  such  as  Shockley- 
Read-Hall  (SRH)  recombination”'^  through  bulk  defects, 
band-to-band  radiative,^  .Auger,’  and  surface  recombina¬ 
tion  currents'®"  through  surface  states.  The  understand¬ 
ing  of  the  relative  contribution  of  each  component  to  the 
total  recombination  current  and  the  supression  of  major 
recombination  sources,  therefore,  are  the  key  to  the  im¬ 
provement  of  the  sensitivity  of  HPTs. 

Under  normal  HPT  operating  conditions,  the  emitter/ 
base  (E/B)  junction  is  forward  biased,  and  most  recombi¬ 
nation  occurs  in  the  space-charge  region  (SCR)  of  this 
junction.  The  design  of  the  E/B  heterojunction  (HJ)  can 
be  classified  into  two  categories,  composition-graded'*'’ 


and  composition-abrupt  junctions. Ideally,  the  inser¬ 
tion  of  a  composition-graded  region  at  the  E/B  junction 
can  eliminate  the  potential  energy  spike  at  the  emitter  side 
of  the  HJ  and  thus  increase  the  emitter  injection  efficiency. 
It  has  been  shown  both  experimentally'”  and  theoreti¬ 
cally,'’  however,  that  the  recombination  current  is  also 
greatly  enhanced  in  this  case.  From  these  previous  results, 
the  emitter  injection  efficiency  is  expected  to  decrease  at 
low  current,  where  the  recombination  current  at  the  HJ  is 
a  limiting  factor.  Furthermore,  the  reduction  of  the  poten¬ 
tial  spike  also  decreases  the  kinetic  energy  of  the  electrons 
injected  from  the  emitter  into  the  base.'®  This  not  only 
increases  the  transit  time  of  electrons  across  the  base 
(thereby  limiting  the  device  bandwidth),  but  also  reduces 
the  base  transport  factor.'’  The  drop  of  both  emitter  injec¬ 
tion  efficiency  and  base  transport  factor  is  expected  to  limit 
the  gain  of  the  device,  especially  at  low-current  levels. 

As  proposed  by  Kroemer,'®  the  bulk  recombination 
current  at  the  E/B  junction  can  be  reduced  by  placing  a 
high  density  of  acceptor  impurities  at  the  heterointerface. 
In  other  words,  if  bulk  recombination  at  the  HJ  is  the 
major  source  of  recombination  current,  we  can  improve  the 
sensitivity  and  the  speed  of  HPTs  simply  by  either  growing 
“composition-abrupt”  double  emitters  forming  an  X-P  ho¬ 
mojunction  or  by  growing  emitter  layers  (or  base  layers) 
with  high-low  carrier-concentration  profiles.  The  former 
structure  has  been  demonstrated  to  improve  the  sensitivity 
of  InGaAsP/InP  HPTs,^ and  heterojunction  ideality 
factors  (n)  as  low  as  1.49  have  been  obtained.’®  In  this 
structure,  the  p-type  impurities  in  the  heavily  doped  base 
can  diffuse  into  the  emitter,  thereby  forming  a  thin  P-InP 
emitter  layer.  However,  this  layer  increases  the  effective 
base  width  (thereby  reducing  the  base  transport  factor) 
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and  hence  reduces  the  emitter  injection  etficiency. Thus, 
the  photocurrent  gain  may  become  small  if  the  second 
emitter  is  too  thick."'  The  need  for  critical  thickness  con¬ 
trol  of  the  second  emitter  rules  out  the  practical  use  of  this 
structure. 

On  the  other  hand,  the  high-low  emitter  (HILOE) 
structure  is  similar  in  some  respects  to  the  high-low  emit¬ 
ter.  low-high  base  phototransistors  proposed  by  Chen 
et  al."  Their  structure  was  designed  to  reduce  the  emitter/ 
base  capacitance  without  sacrificing  the  emitter  injection 
efficiency,  but  the  sensitivity  of  these  HPTs  is  not  expected 
to  show  improvement  over  a  conventional  structure  since 
the  low-high  base  increases  the  recombination  current  at 
the  HJ  (see  Appendix).  Furthermore,  they  fabricated  this 
structure  using  GaAs/AlGaAs  HPTs.  where  the  surface 
recombination  current  in  the  extrinsic  base  region  is  be¬ 
lieved  to  be  the  main  source  of  recombination.*^ 

It  has  been  shown  that  the  surface  recombination  ve¬ 
locity  of  InP  (  ~  10^  cm/s)  is  two  to  three  orders  of  mag¬ 
nitude  smaller  than  that  of  GaAs  ( ~  10®  cm/s).*^  The 
minimum  surface  recombination  velocity  of  Ihq  53Gao47As 
is  only  1-10  cm/s.'^  Furthermore,  no  dependence  of  the 
current  gain  on  emitter  penmeter-to-area-ratio  has  been 
observed  for  Ino  j3Gao47As/InP  bipolar  transistors,*®  indi¬ 
cating  that  surface  recombination  current  is  negligible  for 
this  material  system.  Therefore,  InP/Ino  53Gao47As  HPTs 
are  good  candidates  to  demonstrate  the  effectiveness  of 
structures  which  suppress  bulk  recombination. 

In  this  paper,  we  fully  describe  both  modeling  calcu¬ 
lations  and  experimental  investigations  of  the  effects  on  the 
photocurrent  gain  of  an  InP/Ino  53Gao47As  heterojunction 
phototransistor  modified  by  inserting  a  thin,  low-doped 
layer  into  the  HPT  emitter.  Preliminary  results  of  this 
work  have  been  reported  earlier.*’ 

This  paper  is  organized  as  follows:  In  Sec.  II,  we 
present  numerical  simulation  results  comparing  the  photo¬ 
current  gain  expected  for  the  high-low  doped  emitter  and 
conventional  HPTs.  The  dependence  of  gain  on  layer 
thickness  and  doping  concentration  of  the  thin  emitter  are 
also  studied.  Furthermore,  we  show  that  the  optimum 
choice  of  layer  thickness  and  doping  concentration  can 
improve  both  photocurrent  gain  and  gain-bandwidth  prod¬ 
uct  (/r)  of  the  HPT  at  low  input  optical  power  without 
degrading  the  frequency  response  at  high  input  optical 
power.  In  Sec.  Ill,  the  photocurrent  gain  of  both  HILOE 
and  conventional  HPTs  at  low  input  optical  power  are 
measured.  We  also  discuss  measurements  on  bipolar  tran¬ 
sistors  with  base  contacts.  These  devices  were  used  to  mea¬ 
sure  the  quantum  efficiency  of  the  HPTs  and  the  current- 
voltage  characteristics  of  the  emitter/base  junction.  In  Sec. 
IV,  we  present  conclusions.  Since  the  operation  of  the 
high-low  base  (HILOB)  structure  is  similar  to  that  of 
HILOE  structure,  simulation  results  concerning  the 
former  structure  are  presented  in  the  Appendix. 

II.  DEVICE  MODELING 

The  simulation  of  the  transistor  operation  is  based  on 
the  drift-diffusion  model,**"^'  where  no  tunneling  through 
the  potential  barrier  at  the  E/B  junction  is  considered. 
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.-Xlso.  both  SRH  recombination  and  band-to-band  recom¬ 
bination  processes  are  included.  Recombination  through 
deep  levels  follows  the  standard  SRH  formula."  The 
band-to-band  recombination  rate  (f/hh)-  which  includes 
radiative  and  .4uger  recombination,  is  given  by 

f^hb(-v)  =  [5(.x-)  -  A„(x)n  ~  AAx)p]{np  -  /;*).  (  1 ) 

where  x  is  the  distance  from  the  emitter  contact.  B  is  the 
radiative  recombination  coefficient,  and  A.,  and  A^,  are  the 
.\uger  recombination  coefficients  for  electrons  and  holes, 
respectively.  Further,  n  and  p  are  the  position-dependent 
electron  and  hole  densities,  respectively,  and  n,  is  the  in¬ 
trinsic  carrier  concentration.  For  simplicity,  surface  re¬ 
combination  in  the  extrinsic  base  region,  which  involves  a 
two-dimensional  calculation,  is  assumed  to  be  zero.  This  is 
a  good  approximation  for  the  InP/Ino53Gao47As  material 
system  with  its  low  surface  recombination  velocity. 

The  optical  generation  rate  of  electron-hole  pairs 
[(j(x)]  is  expressed  by^’ 

G(x)=  I  T(A)6{k)a(Apc) 

Jo 

Xexp|  —  J*  a{A.,t’)tfx' jcfA,  (2) 

where  A  is  the  wavelength  of  the  input  light.  r(A)  is  the 
optical  transmission  coefficient  of  the  InP  emitter  layer, 
(i(A)  is  the  incident  light  flux,  and  a(A.Jc)  is  the  absorption 
coefficient  of  the  Ioq  53Gao47As  base  and  collector  layers. 

The  collector  current  (7^)  of  the  HPT.  when  biased  at 
voltage  ^CE  and  illuminated  by  light  incident  with  optical 
power  P„  can  be  calculated  by  solving  the  Poisson  and 
continuity  equations.”  The  photocurrent  gain  (\f),  de¬ 
fined  as  the  ratio  of  the  number  of  collected  electrons  to  the 
number  of  incident  photons,  is  calculated  via 

M={I,-Io)hv/qP„  (3) 

where  Ip  is  the  dark  current,  v  is  the  frequency  of  the 
incident  photon,  h  is  Planck’s  constant,  and  q  is  the  elec¬ 
tronic  charge. 

The  material  parameters  used  in  the  following  calcu¬ 
lation  for  InP  and  Ino  53Gao47As  are  listed  in  Table  I.  Ac¬ 
cording  to  our  simulation,  the  electron  diffusion  length 
(L„)  in  the  base  region,  which  determines  the  electron 
lifetime  and.  in  turn,  the  base  recombination  current,  is  the 
most  critical  parameter  for  calculating  the  photocurrents. 
In  the  literature,  the  measured  values  of  L„  in  the 
/7*Ino 53Gao 47AS  layer  (  ~1  pm)  are  in  good  agreement” 
at  a  doping  concentration  of  1  X  10‘*  cm  ~  \  and  thus  we 
use  this  value  for  simulation.  Moreover,  the  calculated  het¬ 
erojunction  ideality  factor  of  the  conventional  HPTs  (see 
below)  is  consistent  with  our  experimental  data,  which 
further  support  the  assumption  that  L„  =  1  pm  in  the  base 
layer  is  a  reasonable  value. 

On  the  other  hand,  the  measured  hole  diffusion  length 
(Lp)  and  hole  lifetime  (r^)  in  A-InP  show  a  large  variation 
in  the  literature.”  where  Lp  ranges  from  <  1  pm  to  >  20 
pm  in  the  doping  concentration  range  of  from  1  X  10‘®  to 
5x  10”  cm  “  \  The  considerable  discrepancy  in  these  data 
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TABLE  I.  Parameters  used  for  transistor  simulation. 


Pariimeier 

Symbol 

InP 

ln<t  giQar)  47  As 

Energy  gap 

E,  (eV) 

1.35 

0.75 

Electron  effective 

m»/m„ 

0.08 

0.041 

mass  racio 

Hole  effective 
mass  ratio'' 

m*/mn 

0.56 

0.50 

Dielectric 

f/fo 

12.3 

12.0 

constant 

Electron  mobility' 
.Vp-t-  .V,=  10“ 

(cm-^/V  s) 

4100 

10  500 

10” 

3500 

9000 

10" 

2400 

5000 

Hole  mobility' 

+  10” 

Hi,  (em’/Vs) 

150 

300 

10" 

80 

l.’O 

Electron  diffusion 

L„  i/im) 

length  In 
p- 1  iiq  3  3Gao  47  As** 
jVo-i- Af,  =  10" 

2 

Hole  diffusion 

Lp  (/tm) 

length  in  n-InP" 

+  10"- 10” 

2.4 

Radiative 

recombination 

coefficient^ 

B  (cm'Vs) 

1.65x10-” 

4.2x10-" 

Auger 

recombination 

coefficient'' 

(n  type) 

A  (cmVs) 

4xl0-“ 

1.67x10-*’ 

Auger 

recombination 

coefficient'' 

(P  type) 

A  (emVs) 

2.4XI0-” 

ixio-*’ 

Absorption 
coefficient  at  1.3  fim 
wavelength' 

a  (cm  ■ ') 

0 

1. 5X1(3* 

•See  Ref.  34. 
Ref  35. 


'See  Ref  36  for  I.3-^m  InGaAsP.  The  radiative  lifetime  is  proportional  to 
the  square  of  wavelength,  and  thus  the  radiative  coefficient  for  troth 
Ino<]iGan47As  and  InP  can  be  obtained. 

Ref  9. 

•See  Ref  37. 


has  been  attributed  to  different  material  quality  and  mea¬ 
surement  techniques.^^  However,  our  simulation  results  in¬ 
dicate  that  they  are  very  insensitive  to  the  value  of  Lp  (and 
thus  Tp),  consistent  with  the  fact  that  the  contribution  of 
emitter  recombination  current  to  the  total  current  is  neg¬ 
ligible  (see  below).  For  example,  as  Lp  changes  from  2.4  to 
0.24  nm,  the  difference  in  the  photocurrents  for  both  cases 
is  less  than  1%,  even  at  the  input  optical  power  of  0.01 
^W,  where  the  recombination  current  is  dominant.  Here, 
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FIG.  I.  Calculated  (a)  energy-band  diagram  and  (b)  recombination  rate 
near  the  heterojunction  of  a  typical  .V-lnP/p*-Ino5jGao47As/n- 
lnos]Gao47As  HPT.  biased  at  Vet  =  2  V  and  illuminated  by  P,  =  10  nW. 
i.3-txm-  wavelength  light.  The  intrinsic  quasi-Fermi  level  (4,),  and  the 
electron  (hole)  quasi-Fermi  level  4,  (4,).  are  also  indicated  in  (a). 


we  use  Lp  =  2.4  /xm  (Ref.  35)  in  the  A^-InP  layer  in  the 
doping  concentration  range  of  1  X  lO'*-  1  x  lO'^  cm  ~ 
Figure  1(a)  shows  the  calculated  energy-band  diagram 
of  a  typical  N-\nV/p  *  -Ing  syGa^  47As/«-lno  53Gao  47AS 
HPT,  biased  at  ^CE  =  2  V  and  illuminated  by  1.3-/im 
wavelength  light  at  P,  =  10  nW.  The  intrinsic  quasi-Fermi 
level  (^,),  and  the  electron  (hole)  quasi-Fermi  level,  d>„ 
{^p)  are  also  indicated.  Here,  the  doping  concentrations  of 
emitter,  base,  and  collector  are  4x  10‘\  IxlO’*,  and 
3x  10‘*  cm  “  and  the  layer  thicknesses  are  2,  0.2.  and  2 
fim,  respectively.  As  shown  in  the  figure,  a  “spike"  and 
“notch”  conduction-band  energy  profile  is  apparent  at  the 
InP/In^  53Gao47As  HJ,  where  a  conduction-band  disconti¬ 
nuity  energy  (Af^)  of  0.24  eV  (Ref.  40)  was  used.  Under 
normal  operating  conditions,  light  is  incident  via  the  wide¬ 
band  gap,  transparent  emitter,  and  is  then  absorbed  in  the 
base  and  collector  regions,  creating  electron-hole  pairs. 
The  presence  of  the  large  barrier  (1.3  eV)  in  the  valence 
band  results  in  the  accumulation  of  photogenerated  holes, 
thereby  allowing  electrons  to  be  injected  from  the  emitter. 
At  very  low  input  powers,  bulk  recombination  limits  the 
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emitter  injection  efficiency,  and  a  photocurrent  gain  of  only 
5. 1  is  calculated  for  this  device. 

Figure  1(b)  shows  the  recombination  rate  near  the  HJ 
calculated  using  the  energy-band  diagram  of  Fig.  1(a). 
Each  component  of  the  recombination  rate,  as  well  as  the 
total  recombination  rate,  is  indicated.  Note  that  the  SRH 
recombination  rate  is  much  higher  than  the  radiative  and 
Auger  recombination  rates  throughout  the  device.  Further¬ 
more.  the  total  recombination  rate  (  ~  C/srh)  increases 
dramatically  in  the  notch  region.  This  can  be  explained  by 
recalling  that,  at  low  minority-carrier  injection.  f/sRH  can 
be  simply  expressed  as  (.p  —  Pm)/~p  in  the  emitter,  and 
(«  —  in  the  base.”  where  P.K)  and  are  the  equi¬ 

librium  minority-carrier  concentrations  in  the  emitter  and 
base,  respectively.  Also.  t„  (t^)  is  the  electron  (hole)  car¬ 
rier  lifetime.  Hole  injection  from  the  base  into  the  emitter 
is  limited  by  the  large  barrier  in  the  valence  band,  and  thus 
the  recombination  rate  is  negligible  in  both  the  space- 
charge  and  neutral  emitter  regions.  On  the  other  hand,  the 
electrons  injected  from  the  emitter  are  trapped  in  the 
notch,  thereby  increasing  the  recombination  rate  dramati¬ 
cally.  As  electrons  pass  through  the  quasineutral  base,  the 
recombination  of  electrons  and  holes  reduces  the  electron 
concentration,  and  as  shown  in  the  figure,  the  recombina¬ 
tion  rate  decreases.  Also  note  that  the  Auger  recombina¬ 
tion  rate  is  smaller  than  the  radiative  recombination  rate  in 
the  emitter,  although  it  is  larger  in  the  base  where  a  high 
density  of  p-type  dopants  is  present. 

The  above  analysis  assumes  that  the  minority-carrier 
lifetime  is  independent  of  position  for  both  materials.  How¬ 
ever,  the  existence  of  interface  states  at  the  HJ  can  reduce 
the  minority-carrier  lifetime  at  the  interface  and  can  thus 
cause  more  recombination  than  that  calculated  above. 
Therefore,  the  elimination  of  the  notch  at  the  base  side  of 
the  HJ  is  essential  for  reducing  the  total  recombination 
current. 

Figure  2(a)  illustrates  the  energy-band  diagram  of  the 
HILOE  HPT  consisting  of  an  additional  N~  -InP  layer  (of 
thickness,  d)  inserted  into  the  emitter  of  a  conventional 
device.  For  this  calculation,  we  take  d  =  500  A  and  a  dop¬ 
ing  concentration  (iV^j)  of  1  X  10“  cm  ~  ^  for  the  iV  -InP 
layer.  As  before,  Fce  =  2  V  and  P,  =  10  nW  are  assumed. 
This  low-doped  layer  has  the  effect  of  repelling  electrons 
from  both  sides  of  the  E/B  junction.  Comparison  of  Figs. 
1(a)  and  2(a)  indicates  that  the  SCR  is  wider  on  the  emit¬ 
ter  side  of  the  HJ,  and  more  importantly,  the  notch  depth 
is  reduced  in  the  HILOE  structure.  Note  that  the  spike  in 
the  conduction-band  energy  profile  at  the  emitter  side  of 
the  HJ  is  above  the  potential  energy  in  the  base  region.  The 
current  transport  across  the  HJ  is  thus  hindered  by  this 
larger  barrier,  and  the  electron  quasi-Fermi  level 
shows  a  steplike  drop  at  the  interface.  However,  this  does 
not  imply  that  fewer  electrons  are  injected  from  the  emit¬ 
ter.  On  the  contrary,  a  photocurrent  gain  of  64  was  calcu¬ 
lated  in  this  case — an  enhancement  of  gain  over  the  con¬ 
ventional  HPT  by  more  than  a  factor  of  10.  This  is 
explained  using  Fig.  2(b),  showing  the  recombination  rate 
near  the  HJ.  Again,  SRH  recombination  is  the  main  source 
of  recombination.  However,  the  peak  value  of  the  recom- 
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FIG.  2.  Calculated  (a)  energy-band  diagram  and  (b)  recombination  rate 
near  the  heterojunction  of  the  HILOE  HPT  consisting  of  an  additional 
A^*-InP  layer  inserted  into  the  emitter  of  a  conventional  device.  For  this 
calculation,  we  take  an  iV'-InP  layer  thickness  (d)  of  500  A  and  a 
doping  concentration  (JV^)  of  Ix  10'*  cm“  '.  As  in  Fig.  1.  Fj-e  =  2  V 
and  P,  =  10  nW  are  assumed. 


bination  rate  at  the  HJ  has  dropped  from  1 X  lO”  to 
2X  10^^  cmVs  by  the  insenion  of  the  thin  emitter  layer. 

Figure  3  shows  the  calculated  common  emitter  char¬ 
acteristics  of  the  HILOE-HPT,  using  the  same  parameters 
as  those  used  in  Figs.  1(b)  and  2(b).  The  input  optical 
power  is  labeled  for  each  curve.  As  shown  in  the  figure,  the 
gain  (A/)  is  nearly  independent  of  input  power,  as  desired 
for  high  sensitivity. 

In  general,  the  current  (/)  of  a  forward-biased  E/B 
junction  can  be  expressed  as 

/=/<,  t%p(qV^^/n^kBT) 

+  A2  exp(^FBE/«2*fl7'),  (4) 

where  /Tj  =b  1,  ni  =  2.  F^e  is  the  voltage  drop  at  E/B 
junction,  and  A]  and  Ai  are  the  prefactors  of  both  current 
components.  The  first  term  of  Eq.  (4)  is  due  to  diffusion 
current  across  the  junction,  and  the  second  term  originates 
from  the  recombination  current.  Equation  (4)  implies  that 
I  is  approximately  proportional  to  exp(qyBE/nkgT), 
where  n  is  the  ideality  factor  of  the  HJ.  For  n  =  \,  bulk  and 
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FIG.  3.  Calculated  common  emitter  characteristics  of  the  HILOE  HPT, 
using  the  same  parameters  as  those  used  in  Figs.  1(b)  and  2(b). 

surface  recombination  currents  are  small  compared  with 
the  base  diffusion  current,  whereas  for  n  —  2  the  opposite 
situation  applies. 

Furthermore,  it  can  be  shown^'  that  the  photocurrent 
gain  (iVf)  is  proportional  to  the  collector  current  (7^),  viz., 
A/oc/*’ "  The  slope  of  a  plot  of  log(A7)  vs  log(/c), 
therefore,  can  give  the  ideality  factor  (n)  of  the  HJ.  In 
Fig.  4,  M  is  calculated  for  both  HILOE  and  conventional 
HPTs  using  the  approach  discussed  above.  The  gain  of  the 
HILOE  HPT  is  only  weakly  dependent  on  the  collector 
current  with  n  =  1.02 — an  indication  of  diffusion  current- 
dominated  transport.  On  the  other  hand,  the  gain  of  the 
conventional  HPT  strongly  depends  on  the  collector  cur¬ 
rent,  with  «  =  1.8.  This  latter  value  is  consistent  with  those 
typically  observed  for  conventional  InP/Ino.53Gao,47As 
HPTs,  either  from  our  experimental  results  (see  below)  or 
from  those  reported  in  the  literature.'  From  this  figure  and 
the  previous  analysis,  we  conclude  that  the  HILOE  struc¬ 
ture  can  significantly  reduce  the  recombination  current  and 
thus  enhance  the  gain  at  low  input  optical  powers  (i.e., 
low  /f). 

Note  that  the  difference  in  M  between  the  conventional 


FIG.  4.  Calculated  comparison  between  HILOE  (solid  line)  and  conven¬ 
tional  (dashed  line)  HPT  gains,  using  the  same  parameters  as  those  used 
m  Fip.  2(a)  and  1(a).  respectively. 
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FIG.  5.  Calculated  heterojunction  ideality  factors  (n)  for  different  layer 
thicknesses  (d)  and  doping  concentrations  (.V’g.)  of  the  low-doped  emit¬ 
ter  layer. 

and  HILOE  HPTs  decreases  at  high  collector  currents  (or 
high  input  optical  powers),  as  indicated  in  the  same  figure. 
In  this  high-current  region,  the  recombination  current  is 
negligible  compared  with  the  diffusion  current.  Here,  elec¬ 
trons  injected  from  the  emitter  are  hindered  by  the  large 
potential  spike  at  the  E/B  junction.  However,  increasing 
the  sensitivity  of  HPTs  at  low  optical  input  power  is  of 
greater  importance  to  the  utility  of  the  device  in  optical 
communication  applications. 

The  effect  of  layer  thickness  (d)  and  doping  concen¬ 
tration  {N Pi)  of  the  low-doped  emitter  layer  on  n  is  shown 
in  Fig.  5.  Here,  n  approaches  unity  by  increasing  the  layer 
thickness  (d)  or  decreasing  the  doping  concentration 
(Nm)  of  the  thin  emitter  layer.  If  jVo2  is  low,  n  drops 
rapidly  with  increasing  layer  thickness.  For  example, 
n  =  1.05  can  easily  be  achieved  simply  by  growing  a  300- 
A-thick  layer  with  =  1 X  lO'*"  cm  ~  ^  into  the  emitter. 

According  to  this  figure,  the  recombination  current 
can  be  efficiently  reduced  by  growing  a  thick  undoped 
emitter  layer  into  the  emitter.  In  this  case,  however,  the 
depletion  edge  at  the  emitter  side  ends  within  the  undoped 
emitter,  thereby  increasing  the  emitter  series  resistance, 
which  in  turn  degrades  the  frequency  response  of  the  HPT. 
Hence,  the  optimum  design  of  layer  thickness  and  doping 
concentration  of  the  thin  emitter  layer  is  essential  to  obtain 
a  combination  of  high  sensitivity  and  bandwidth. 

The  gain-bandwidth  product  (or  cutoff  frequency) 
/f,  defined  as  the  frequency  at  which  the  current  gain  is 
unity,  is  one  figure  of  merit  used  to  describe  the  high- 
frequency  performance  of  the  bipolar  transistor.  Here,  / r 
depends  on  the  total  emitter-to-collector  transit  time  and 
can  be  calculated  via^^ 

/r~  l/2ir[  (/?Ec  +  ^eb)Q  +  +  Q) 

-h  (Xcc  +  ^cb)Cc  +  ^ 

(5) 

where  Jt^c-  ^eb>  '‘ed  contact,  bulk,  and  dynamic 

resistances  of  the  emitter  layer;  /l^c  and  /I^b  are  the  contact 
and  bulk  resistances  of  the  collector;  Cf  and  Q  are  the 
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FIG.  6.  Calculaled  gain-bandwidlh  products  ( /, )  at  different  input  op¬ 
tical  powers  iP  )  for  both  conventional  and  HILOE  HPTs.  Curves  1  and 
2  represent  the  conventional  HPT  with  .V„  =  4  -  lO'  and  1  v  lO'"  cm 
respectively  Curves  3.  4.  and  5  are  for  HILOE  HPTs  with 
•Vq,  =  2x10'  cm  d  =  0. 1  ^m,  .V„;  =1-10'  cm  .  d  =  0. 1  jim. 

and  .Vq,  =  1  X  10'"  cm  .  d  =  1  ^im,  respectively. 


capacitances  of  the  emitter-base  and  base-collector  junc¬ 
tions.  IVs  is  the  base  width,  tVgc  is  the  depletion  width  of 
the  base/collector  junction,  D„  is  the  diffusion  coefficient  of 
electrons  in  the  collector  region,  and  u,  is  the  saturation 
velocity  of  electrons  in  the  collector  region.  The  first  and 
the  second  terms  of  Eq.  (5)  correspond  to  the  emitter 
charging  time  (  t^),  and  other  terms  correspond  to  the  base 
transit  {rg),  collector  charging  (rc),  and  collector  deple¬ 
tion  layer  transit  times  (tscr). 

For  a  floating  base  HPT,  the  emitter  current  (I g)  is 
equal  to  collector  current  (/(.).  Thus,  the  dynamic  emitter 
resistance  =  nkgT/qlg)  can  be  approximated  by 
nhvkgT/q-MP,,  where  Eq.  (3)  is  used  for  calculating  /,.. 
At  low  input  optical  power  (P,).  the  dynamic  emitter  re¬ 
sistance  (r^d)  is  large,  and  the  response  time  is  limited  by 
the  emitter  charging  time,  thereby  degrading  the  frequency 
response  of  the  HPT.  In  this  case,  the  second  term  in  Eq. 
(5)  dominates,  and  fj  is  proportional  to  the  photocurrent 
gain-power  product  {MP,).  On  the  other  hand,  the  dy¬ 
namic  resistance  is  negligible  at  high  input  optical  power, 
and  //-becomes  constant  with  /r  =  /r(max).  This  power 
dependence  of  f  j-  has  been  reported  both  experimentally'*' 
and  theoretically.^  However,  the  calculation  of  fj  in  Ref. 
44  assumes  that  the  emitter  injection  efficiency  is  unity.  In 
the  following,  we  take  the  recombination  current  at  the  HJ 
into  account  for  calculating  M  and.  in  turn,  f  j. 

In  Fig.  6.  /r  is  calculated  for  different  input  optical 
powers  (P,)  for  both  conventional  and  HILOE  HPTs.  The 
HILOE-HPT  used  for  simulation  is  based  on  the  structure 
we  fabricated  (cf  inset  of  Fig.  7),  where  the  junction  areas 
of  both  collector/base  and  emitter/base  are  2  X  10  "  '  cm', 
and  the  separation  of  the  emitter  to  the  collector  contact  is 
25  ^m.  The  doping  concentrations  and  layer  thicknesses  of 
each  layer  are  the  same  as  those  used  in  Fig.  1.  and  the 
junction  capacitances  Cf  and  Q  are  calculated  at 
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=  l.t)  V.  The  sheet  resistance  of  the  high-low  doped  emit¬ 
ter  !a>er  was  calculated,  and  in  turn.  Ppi,  was  obtained. 

.As  shown  in  the  figure,  the  gam-bandwidth  product  of 
the  conventional  HPT  with  an  emitter  doping  concentra¬ 
tion  of  .V/,  =  4  •  10'  cm  '  (curve  1 )  is  less  than  1  .MHz 
at  P  =  10  nVV.  As  P  increases.  //  slowly  increases  in  the 
low-mpui-power  region,  where  the  photocurrent  gain  is 
limited  by  the  bulk  recombination  current  at  the  HJ  (n 
=  l.S).  and  increases  more  rapidly  at  high  input  powers. 
Finally.  //  saturates  at  P  >  1  mW.  where 

//■  =  /fimax)  =  1 1  GHz  in  this  case.  The  response  of  a 
second  conventional  HPT  with  .V/,=  lxl0''’  cm  ~  ' 
(curve  2)  is  also  shown  in  the  same  figure  for  comparison. 
In  this  case,  the  enhanced  photocurrent  gam  at  low  input 
power  (w  =  1.01)  and  the  lower  value  of  Cf  improve  the 
gain-bandwidth  product.  On  the  other  hand,  the  large 
emitter  senes  resistance  (Peb)  this  low-doped  emitter 
layer  limits  the  emitter  charging  time  and.  thus.  //■  =  0.44 
GHz  at  high  input  optical  power. 

The  gain-bandwidth  product  of  three  HILOE  HPTs 
with  -Vo2  =  2x10'  cm  “  ■'.  tf  =  0. 1/xm  (curve  3),=  1 
X  10*'  cm  ' £(  =  0.1  /jm  (curve  4).  and  .V/ji  =  1  X  lO'*’ 
cm”',  d  =  1  /zm  (curve  5)  are  also  shown  in  the  same 
figure.  The  ideality  factor  (« )  of  each  curve  corresponds  to 
1.13,  1.04,  and  1.02.  respectively.  Note  that  by  either  in¬ 
creasing  the  layer  thickness  or  decreasing  the  doping  con¬ 
centration  of  the  low-doped  emitter  layer,  the  photocurrent 
gain,  and  thus  the  gain-bandwidth  product,  is  greatly  im¬ 
proved  at  low  input  optical  power.  For  curves  3  and  4.  the 
emitter  series  resistance  is  small  and  the  maximum  gain- 
bandwidth  product  at  high  input  power  is  1 1  GHz  for  both 
cases.  On  the  other  hand,  the  degradation  in  //-(max)  is 
clearly  observed  for  the  device  with  Dl  —  I  X  10“*  cm  ' 
(curve  5). 

Ideally,  the  gain-bandwidth  product  of  the  conven¬ 
tional  HPT  can  be  improved  by  supplying  the  base  current 
to  reduce  the  dynamic  emitter  resistance.  This  can  be 
achieved  with  an  external  dc  light  source  (optically  ),■*'  or 
by  adding  a  base  contact  (electrically ).'**’  However,  both 
techniques  dissipate  more  power  and  increase  HPT  shot 
noise.  The  base  contact  of  the  latter  technique  also  in¬ 
creases  the  junction  area  (and  hence  capacitance),  as  well 
as  the  lateral  series  resistance,  both  of  which  degrade  the 
frequency  performance.  On  the  other  hand,  the  HILOE 
HPT  avoids  both  of  these  problems. 

From  Figs.  5  and  6.  we  conclude  that  the  layer  thick¬ 
ness  (d)  and  doping  concentration  (  A  )  of  the  low-doped 
emitter  can  be  optimized  to  improve  both  sensitivity  and 
gain-bandwidth  product  at  low  input  optical  power  with¬ 
out  degrading  the  frequency  response  of  the  HPT  at  high 
input  optical  power. 

Hi.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
A.  Heterojunction  phototransistor  performance 

The  phototransistor  studied  in  this  work  (inset.  Fig.  7) 
was  grown  on  a  ( 1(X))  Fe-doped  semi-insulating  InP  sub¬ 
strate  by  liquid-phase  epitaxy  (LPE).  In  order  to  minimize 
the  out-diffusion  of  the  p  dopant  from  the  base  into  the 
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FIG.  7  Measured  free-carrier  concencrauon  vs  distance  for  the  novel 
structure,  [nset:  Schematic  cross  sectional  view  of  the  HILOE  HPT 

low-doped  emitter.  Cd  was  used  as  the  base  dopant.  The 
base  doping  concentration  was  3xl0“*  cm  ' Further¬ 
more.  the  thin  emitter  layer  is  slightly  Sn  doped  to  com¬ 
pensate  the  p  dopants  which  unavoidably  diffuse  from  the 
base.  For  wafer  No.  1.  a  2-^m-thick  Sn-doped  (2x10*^ 
cm  “  InP  emitter  was  grown,  followed  by  0. l-/Lim-thick. 
Sn-doped  (2x10''’  cm"  ’)  iV"-InP  layer.  Ne.xt,  a  0.24- 
/xm-  thick.  Cd-doped  (2x  10'“  cm  "  ')  Ino  5,Gao47As  base, 
followed  by  a  0.7-/im-thick  (2x  10''’cm  "^)  Ino  siGao47As 
collector  were  grown.  Wafer  No.  2  was  a  conventional 
HPT  structure  with  layer  dopings  and  thicknesses  similar 
to  those  of  wafer  No.  1  except  that  the  thin  extra  emitter 
layer  is  omitted  in  wafer  No.  2. 

The  doping  concentration  and  layer  thickness  of  each 
epitaxial  layer  was  measured  using  an  electrochemical  pro¬ 
filer.  Figure  7  shows  the  carrier  concentration  versus  dis¬ 
tance  for  wafer  No.  1,  The  collector,  base,  and  emitter 
regions  are  indicated  in  the  figure.  Note  that  a  0. 1-^m- 
thick  (2  x  lO'*’  cm  ~  ^)  layer  is  clearly  observed  at  the  E/B 
junction.  This  InP  region  is  n  type,  implying  that  Sn  indeed 
compensates  the  Cd  diffused  from  the  base.  Funhermore. 
the  built-in  potential  at  E/B  junction  was  measured  to  be 
0.93  eV.  This  value  can  be  related  to  the  conduction-band 
discontinuity  energy  (AEJ  via  =  qV p  —  E^i  +  5, 
-I-  82*^  where  E^i  is  the  energy  gap  of  In^  5jGa^47As.  and 
6 1  and  67  are  the  depths  of  the  Fermi  levels  as  measured 
from  the  conduction-band  minimum  for  InP  and  the 
valence-band  maximum  for  In^  5iGa^47As.  respectively. 
Here.  6,  and  6;  can  be  calculated  using  an  approximation 
to  the  Fermi-Dirac  distribution,  from  which  5,  =  2 
X  10  “  ■  eV  and  82  =  0.04  eV  are  obtained.  Using  this 
analysis.  AE^  is  found  to  be  0.22  eV.  which  is  close  to  the 
value  (0.24  eV)  reported  in  the  literature.'**’  indicating  that 
the  E/B  junction  is  abrupt.  As  has  been  pointed  out  ear¬ 
lier.^*  the  barner  height  at  the  E/B  junction  is  strongly 
affected  by  the  p-type  dopant  diffusion  into  the  emitter. 
Hence,  the  consistency  of  the  measured  \E^  with  earlier 
data  gives  further  support  to  the  observation  that  Cd  dop¬ 
ants  can.  indeed,  reduce  the  displacement  of  the  p/n  junc¬ 
tion  away  from  the  HJ."'  '*'* 

The  electrochemical  profiling  technique  was  also  ap¬ 
plied  to  wafer  No.  2,  and  in  contrast,  the  carner- 
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Table  11  Summers  ol  pjrjiiuMcr^  Inr  wjltirv  Nu  1  anil  No  7 


Doping 

cimcenlralion 

l.jicr  ih)ikne>s'  l/im)  i  •  10‘"  cm  ) 


Reeitin 

Material 

Wafer 

No  1 

Water 

No  : 

Wafer 

\o.  1 

Wafer 

No. : 

Collecior 

/I'InGaAs 

1  Sn  doped  5 

1)  P7 

1 » 

■> 

Base 

/7-lnGa.A' 

(Cd  doped! 

0  2i 
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10 

10 

'The  ihickness  of  each  epitaxial  laier  was  measured  by  both  electrochem¬ 
ical  and  step  profiler  meihods.  They  showed  good  agreemeni. 


concentration  profile  does  not  show  any  dip  at  the  E/B 
junction  (cf.  Fig.  7).  For  comparison,  the  thickness  and 
doping  concentration  of  each  epitaxial  layer  for  both  wa¬ 
fers  are  listed  in  Table  II. 

After  characterization  of  the  epitaxial  layers,  a  50-pm- 
diam  Au/Sn  collector  contact  was  deposited  and  patterned 
using  metal  lift-off.  The  transistor  mesa  was  defined  by  the 
collector  contact,  and  citric  acid  was  used  to  selectively 
etch  both  the  n-Inp  53Gap47As  and  p-Inp  j3Gao47As  layers. 
An  Au/Sn  emitter  contact  was  then  formed  on  top  of  the 
emitter  region,  followed  by  isolating  the  emitter  using  KKI 
solution  (HCL.CHjCOOHrHsOs  in  a  ratio  of  1:2:1). 
Finally,  the  metal  contacts  were  alloyed  at  425  °C  for  1  min 
to  reduce  the  contact  resistance. 

For  the  measurement  of  photocurrent  gain,  a  1.3-/xm- 
wavelength  LED  was  used  to  illuminate  the  HPT  via  the 
substrate  surface.  The  common  emitter  characteristics  of 
wafer  No.  1  are  shown  in  Fig.  8.  In  the  figure,  the  photo¬ 
current  gain  drops  from  255  to  130  as  the  input  optical 
power  (P,)  decreases  from  0.54  to  0.04  /xW.  These  results 
are  in  contrast  to  a  gain  of  only  35  measured  at  0.04  jxW 
for  wafer  No.  2  which  is  close  to  the  best  result  (.If  =  40  at 
P,  =  40  nW)  for  the  conventional  HPTs  reported  to  date.'' 


FIG  S  Typital  common  emiiler  characierislics  for  wafer  No  1  (  HILOE 
HPT) 
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FIG  ‘I  Measured  photocurreni  gam  (solid  line)  and  current  gam 
(dashed  line)  vs  collector  current  (/, )  for  both  HILOE  (wafer  No.  I) 
and  conventional  (wafer  No.  2)  structures. 


In  Other  words,  an  improvement  of  gain  by  a  factor  of  3.7 
has  been  achieved  at  /*,  =  40  nW  using  the  HILOE  struc¬ 
ture. 

Figure  9  shows  M  versus  collector  current  (/^)  for 
both  samples  (solid  lines).  As  expected,  the  photocurrent 
gain  of  wafer  No.  1  is  independent  of  at  high  collector 
current,  corresponding  to  «  =  1.  At  low  collector  current, 
the  gain  was  found  to  have  a  small  current  dependence, 
with  n  =  1.25.  In  contrast,  the  gain  of  wafer  No.  2  de¬ 
creases  rapidly  with  collector  current  and  gives  n  =  1.75 
over  the  entire  range  of  4  tested — a  value  typical  of  InP/ 
Ino  53Ga<5  47AS  HPTs  grown  by  LPE,‘  and  consistent  with 
the  modeling  results  in  Fig.  4.  To  our  knowledge,  the  ide¬ 
ality  factor  of  wafer  No.  1  is  the  lowest  value  achieved  for 
HPTs  grown  using  LPE. 

Campbell,  Tsang,  and  Qua,  fabricated  an  InP/ 
Ino53Gao47As  HPT  grown  by  chemical  beam  epitaxy 
(CBE)  with  n  =  1.14.’°  However,  for  that  device  the  emit¬ 
ter  layer  was  undoped,  which  accounts  for  the  low  n  value. 
Further,  the  large  series  emitter  resistance  is  also  expected 
to  lead  to  reduced  bandwidth  response  (cf.  curves  1  and  2 
in  Fig.  6).  In  other  work,  a  conventional  Ino53Gao47As/ 
InP  HPT  with  n  ==  1.2  was  grown  by  gas-source  molecular- 
beam  epitaxy  (MBE).  Here,  the  emitter  carrier  concentra¬ 
tion  was  2x  10'^  cm~  ’.  In  this  case,  the  low  n  value  is 
believed  to  be  due  to  the  high  quality  of  the  heterointerface 
obtained  by  this  growth  technique,  which  reduces  the  re¬ 
combination  current  by  increasing  the  minority-carrier 
lifetime  at  the  interface.  On  the  other  hand,  the  transistor 
structure  in  Fig.  7  can  reduce  the  recombination  current 
simply  by  reducing  the  minority-carrier  concentration  at 
the  HJ.  Here,  the  quality  of  heterointerface  is  not  critical, 
thus  reducing  the  dependence  on  the  crystal  growth  tech¬ 
nique  employed. 

In  order  to  study  the  properties  of  the  base/collector 
homojunction  and  the  emitter/base  heterojunction,  base 
contacts  were  formed  for  devices  on  both  wafers  No.  I  and 
No.  2.  This  enabled  the  measurement  of  quantum  effi¬ 
ciency  {rj)  by  reverse  biasing  the  base/collector  junction 
and  illuminating  the  junction  with  1.3-/im-wavelength 
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light  through  the  substrate  side  of  the  wafer.  From  the 
quantum  efficiency,  the  current  gam  i/j).  which  is  equal  to 
.V//  J/,''  was  calculated.  high-current  gain  of  260  was 
obtained  at  P  =  40  nW  for  wafer  No.  1  (Fig.  9).  which  is 
an  improvement  by  a  factor  of  4.5  over  the  conventional 
device  gam.  To  our  knowledge,  the  current  gam  of  wafer 
No.  1  IS  the  highest  value  reported  m  the  literature  for  this 
low  level  of  optical  power. 

8.  Current-voltage  characteristics  of  the  emitter/ 
base  junction 

We  can  independently  determine  n  and  the  sources  of 
recombination  in  these  structures  by  studying  the  forward- 
biased  (dark)  I-V  characteristics  of  the  E/B  junction. 
Thus,  in  Figs.  10(a)  and  10(b),  we  compare  the  forward 
J-V  characteristics  of  the  emitter/base  junctions  for  both 
wafers.  For  wafer  No.  1.  «  =  2.5  at  Kgg  <0.2  V  (region  I), 
as  shown  in  Fig.  10(a).  The  large  value  of  n  indicates  that 
base  recombination  current  [the  second  term  of  Eq.  (4)]  in 
this  low-current  region  is  dominant.  At  these  low  voltages, 
the  bias  voltage  is  less  than  the  offset  voltage  of  the  HPT 
(cf.  Fig.  8),  and  hence  this  region  was  not  accessible  to  the 
measurements  used  to  obtain  the  data  in  Fig.  9. 

In  region  II,  where  the  bias  voltage  is  between  0.2  and 
0-4  V,  rt  =  1.3.  which  is  consistent  with  «  =  1.25  in  the 
low-/^  collector  current  region  of  wafer  No.  1.  shown  in 
Fig.  9.  If  the  recombination  current  in  this  region  origi¬ 
nates  from  the  same  sources  as  in  region  I.  we  can  extract 
it  from  the  total  current  simply  by  extrapolating  the  cur¬ 
rent  level  of  region  I  into  region  II  [dashed  line  in  Fig. 
10(a)].  After  subtracting  the  recombination  current  from 
the  total  current,  the  ideality  factor  (/i  =  1.05)  of  the  new 
curve  is  very  close  to  1,  corresponding  to  the  diffusion 
current  [cf.  Eq.  (4)].  In  the  figure,  we  clearly  see  that 
diffusion  current  dominates  the  recombination  current  in 
region  II. 

At  high  forward  voltages,  the  resistance  of  the  low- 
doped  emitter  and  the  lateral  base  resistance  limit  the  dif¬ 
fusion  current,  causing  the  current  to  saturate  in  region 
III.  For  the  HPT  of  wafer  No.  1,  current  flows  through  the 
base  region  vertically,  not  laterally.  This  leads  to  less  series 
resistance,  and  thus  the  ideality  factor  of  n  =  1  can  be 
observed  even  at  high  collector  currents. 

In  contrast,  the  ideality  factor  of  wafer  No.  2  is  «  =  2.6 
in  region  I  {^be  <0.35  V),  as  shown  in  Fig.  10(b).  Al¬ 
though  the  ideality  factor  is  the  same  as  that  of  wafer  No. 
I  in  region  I.  the  recombination  current  is  250  times  larger, 
and  the  voltage  range  where  the  recombination  current 
dominates  is  also  larger.  In  region  II.  n  =  2.1,  correspond¬ 
ing  to  the  low-collector-current  region  of  wafer  No.  2  in 
Fig.  9.  After  subtracting  the  recombination  current  from 
the  total  current,  we  once  more  obtain  n  =  1 .05.  due  to  the 
diffusion  current  By  comparing  the  diffusion  currents  of 
both  wafers,  note  that  wafer  No,  2  has  a  higher  current 
than  that  of  wafer  No.  1.  This  results  since  the  voltage  drop 
in  the  low-doped  emitter  region  for  wafer  No.  1  reduces 

and,  in  turn,  the  diffusion  current. 

From  the  above  analysis,  the  recombination  current  at 
the  HJ  has  been  reduced  by  two  orders  of  magnitude  for  the 
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FTG.  10.  Forward-biased  /-F  characteristics  of  the  emitter/base  junction 
for  (a)  wafer  No.  I  and  (b)  wafer  No.  2. 


HILOE  structure,  and  thus  the  HJ  ideality  factor  is  also 
substantially  improved.  This  conclusion  is  consistent  with 
both  the  simulation  results  (Sec.  II)  and  the  HPT  photo¬ 
current  gain  data  in  Sec.  Ill  A. 

IV.  CONCLUSION 

Both  numerical  simulations  and  experimental  results 
have  shown  that  the  growth  of  a  thin,  low-doped  N~  -InP 
layer  in  the  emitter  of  a  iV-InP/p  *  -Ino  33Gao47As/n- 
Ino  53Gao  47As  HPT  can  improve  both  its  optical  sensitivity 
and  gain-bandwidth  product  (due  to  higher  current  gain 
and  lower  emitter-base  junction  capacitance)  by  diminish¬ 
ing  the  recombination  current  at  the  heterointerface.  An 
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improvement  of  current  gain  by  a  factor  of  4.5  over  con¬ 
ventional  HPT  structures  has  been  achieved  at  an  input 
optical  power  of  40  nW  .  The  significant  gain  enhancement 
of  the  HILOE  HPT  indicates  that  both  bulk  and  interface 
recombination  currents  at  the  emitter/base  junction  are  the 
major  sources  of  recombination  for  this  materials  system. 

The  HILOE  structure  can  also  be  applied  to  other 
material  systems  ( such  as  GaAs/ AlGaAs )  if  a  proper  sur¬ 
face  passivation  technique  is  used  which  reduces  the  high 
surface  recombination  currents.  One  of  the  strengths  of  the 
HILOE  structure  is  that  it  can  diminish  the  recombination 
current  by  reducing  the  minority-carrier  concentration  in 
the  notch  region  of  the  HJ.  rather  than  by  increasing  the 
minority-carrier  lifetime.  Hence,  the  performance  of  the 
HPTs  is  less  dependent  on  the  quality  of  heterointerface 
growth  method  used. 

It  has  been  pointed  out'*  that  the  use  of  a  graded  base 
can  reduce  the  electron  transit  time  which  increases  the 
bandwidth  of  the  bipolar  transistor.  This  idea  has  also  been 
demonstrated  successfully  for  the  AlGaAs/GaAs  HPT.” 
Another  advantage  of  the  graded  base  is  to  reduce  the 
base"*^  and  surface  recombination.*^  Hence,  the  use  of  dou¬ 
ble  emitters  (or  bases)  with  a  high-low  carrier- 
concentration  profile  along  with  a  graded  base  is  expected 
to  result  in  both  a  high-sensitivity,  and  high-bandwidth 
HPT. 
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APPENDIX:  A  HIGH-LOW  BASE  HPT  (HILOB  HPT) 

In  past  work,  an  extra  undoped,  composition-abrupt 
base  has  been  used  as  a  spacer  layer  (called  a  “setback 
layer”)  to  reduce  the  displacement  of  the  p/n  junction  into 
the  emitter  region  of  bipolar  transistors  grown  by  MBE 
and  metal-organic  chemical-vapor  deposition.*^**  How¬ 
ever,  the  low-high  carrier-concentration  profile  in  the  base 
region  has  been  shown  to  introduce  excessive  recombina¬ 
tion  currents  in  the  base.**  This  can  be  explained  by  the 
comparison  of  the  energy-band  diagrams  of  a  conventional 
HPT  [Fig.  1(a)]  and  a  low-high  base  HPT  [Fig.  11(a)]. 
Here,  the  doping  concentration  (A^^i)  and  layer  thickness 
id)  of  the  spacer  layer  are  assumed  to  be  1  X  lO'*  cm  ~  * 
and  2CX)  A,  respectively.  Other  parameters  used  for  calcu¬ 
lating  the  energy  bands  are  the  same  as  those  used  in  Fig. 
1(a).  Note  that,  from  Fig.  11(a),  the  notch  region  on  the 
base  side  of  the  HJ  is  deeper,  thereby  introducing  more 
bulk  recombination.  In  this  case,  the  HJ  ideality  factor  (n) 
gives  1.9,  whereas  n  =  1.8  for  the  conventional  HPT. 

This  excessive  recombination  current  can  be  elimi¬ 
nated  simply  by  increasing  the  doping  (A^^j)  in  the  spacer 
layer  beyond  the  doping  density  in  the  base — a  high-low 
base  HPT  (HILOB).  The  energy-band  diagram  of  this 
structure  is  shown  in  Fig.  11(b),  where  =  2X  lO'* 
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FIG.  II.  Calculated  energy-band  diagrams  of  the  (a)  low-high  base  and 
(b)  high-low  base  HPTs.  In  (a),  the  doping  concentration  (^<i)  and 
layer  thickness  (d)  of  the  spacer  layer  were  assumed  to  be  1  x  lO'*  cm  ”  ^ 
and  200  A  respectively.  In  (b),  =2x10'*  cm'^  d  =  200  A  were 

assumed. 

cm  “  \  cf  =  200  A  were  assumed.  Here,  the  notch  region  is 
reduced,  and  the  calculated  HJ  ideality  factor  (n)  is  l.OS. 
Note  that  a  built-in  potential  exists  in  the  base  region 
which  can  accelerate  electrons  through  the  base. 

Thus,  a  HILOB  HPT  as  well  as  a  HILOE  HPT  can 
both  improve  the  photocurrent  gain  and  gain-bandwidth 
product  at  low  input  optical  power.  The  insertion  of  a 
heavily  doped  base  layer  reduces  the  base  resistance,  and 
thus  it  does  not  degrade  the  frequency  response  at  high 
input  optical  power.  On  the  other  hand,  the  emitter-base 
capacitance  (Cf)  is  larger  than  that  of  the  HILOE  HPT. 
leading  to  a  larger  emitter  charging  time. 
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Interface  charge  densities  and  conduction-band  offset  energies  for  liquid-phase  epitaxially 
grown  n-N  isotype  Ini,<,Ga,,4,  As/InP  heterojunctions  have  been  measured  using  capacitance- 
voltage  methods.  Extremely  low  interface  charge  densities  have  been  obtained  in  some  samples, 
and  they  are  found  to  be  independent  of  both  the  measurement  temperature  and  the  magnitude 
of  lattice  mismatch.  Our  samples  show  a  clear  peak  and  notch  in  the  apparent  free-carrier 
concentration  profile  at  temperatures  as  low  as  83  K.  This  is  in  contrast  to  results  reported 
previously  where  the  notch,  due  to  the  carrier  depletion  at  the  heterojunction,  was  observed  to 
vanish  at  low  temperature.  An  electron  trap  has  been  identified  in  one  of  the  samples.  The  trap 
is  uniformly  distributed  within  the  bulk  of  the  In,,  ,,Ga„47  As  layer  at  a  density  of  5  x  10'^ 
cm  '.  In  spite  of  the  presence  of  this  relatively  low  density  defect,  the  heterojunctions  grown 
for  this  study  apparently  have  considerably  lower  interface  defect  densities  than  observed  by 
others. 


I.  INTRODUCTION 

Heterojunctions  (HJ)  in  the  lattice-matched  InP-based 
material  system  have  long  been  used  in  optoelectronic  de¬ 
vices.  In  addition  to  their  conspicuous  advantages  in  appli¬ 
cations  for  fiber  optical  communications.  InP-based  HJ  bi¬ 
polar  transistors  (HBTs)  with  cutoff  frequencies  of  over  100 
GHz  have  been  reported.'  The  high  performance  of  these 
devices  relies  on  good  heterointerface  characteristics:  i.e., 
low  defect  densities  and  sharp  interfaces.  Numerous  efforts 
have  been  made  toward  developing  optimum  conditions  to 
grow  high-purity  InP  and  lattice-matched  In,,,, Ga,, 47 As 
epitaxial  layers.’  However,  little  attention  has  been  paid 
to  the  heterojunction  interface  properties  in  terms  of  growth 
conditions.  Nevertheless,  up  to  now,  measurements" 
have  shown  that  there  is  a  high  density  of  traps  accumulated 
at  the  In„,,Ga„47 As/InP  heterointerface.  The  localized 
traps  usually  have  densities  about  one  order  of  magnitude 
higher  than  the  free-carrier  concentration  in  the  semicon¬ 
ductor  bulk  region.  This  high  interface  defect  density  affects 
the  electrical  properties  of  devices  where  carriers  are  trans¬ 
ported  across  the  heterointerface.  Furthermore,  it  is  found 
that  the  deep  traps  can  modify  the  shape  and  height  of  the 
energy  barrier""’  at  the  HJ. 

It  is  generally  thought  that  the  main  factors  which  affect 
the  HJ  propenies  are  ( 1 )  lattice  mismatch  at  the  heteroin¬ 
terface  and  (2)  the  source  material  purity.  However,  the 
effects  on  the  HJ  properties  arising  from  these  two  factors 
are  still  unclear.  Ogura’  ’  suggested  that  the  high  density  of 
localized  charge  at  In^Ga,  ,  As/InP  HJs"  was  due  to  de¬ 
fects  induced  by  lattice  mismatch.  Photoluminescence  (PL) 
studies'"  ’"  showed  that  the  spectra  of  lattice-mismatched 
In.  Ga,  ,  As/InP  HJs  either  (i)  exhibit  a  low  energy,  broad 
peak,  or  ( ii )  the  PL  exciton  peak  full  width  at  half  maximum 
is  strongly  correlated  to  the  magnitude  of  the  lattice  mis¬ 
match.  Hail  measurements’""  of  In,Ga,  ,As/InP  HJs 
also  showed  that  the  electron  mobility  of  the  In.Ga,  .As 
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was  strongly  affected  by  the  lattice  mismatch.  However,  re¬ 
cent  studies  on  lattice-mismatched  InGaAs/GaAs  HBTs-' 
have  shown  that  charge  recombination  at  lattice-mis¬ 
matched  HJs  is  insignificant,  and  the  time-independent  cur¬ 
rent  gain  is  not  affected  by  the  lattice  mismatch. 

On  the  other  hand,  the  source  materials  purity  issue  has 
long  been  ignored.  For  liquid-phase  epitaxy  (LPE),  long 
source  baking  time  is  often  used  to  achieve  low  doping  con¬ 
centrations  and  high  carrier  mobilities.  Indeed,  Pan  et  al. '" 
have  shown  recently  that  the  starting  In  purity  is  the  main 
factor  that  determines  the  background  doping  concentra¬ 
tions  and  mobilities  of  the  epitaxial  layers.  Nevertheless,  to 
date  there  are  no  reports  where  the  effects  of  source  material 
purity  on  HJ  interfaces  has  been  quantitatively  determined. 

It  is  the  purpose  of  this  work  to  identify  the  origin  of  the 
interface  defects.  This  paper  presents,  to  our  knowledge,  the 
first  complete  and  systematic  study  of  the  influence  of  both 
lattice  mismatch  and  material  purity  related  defect  levels  on 
the  heterojunction  diffusion  potential. 

The  discussion  is  organized  as  follows:  In  Sec.  II  we  give 
a  detailed  description  of  sample  preparation  with  particular 
emphasis  on  the  epitaxial  growth  conditions.  In  Sec.  111.  we 
study  the  effects  of  lattice  mismatch  on  the 
In.Ga,  .  As/InP  HJ  system.  In  conjunction  with  the  or- 
ganic-on-inorganic  semiconductor  contact  method,  capaci¬ 
tance-voltage  (C-K)  measurements  for  LPE-grown 
In.Ga,  .  As/InP  HJs  are  studied  as  a  function  of  tempera¬ 
ture.  Dependence  of  the  measured  conduction-band  offset 
energy,  interface  charge  density.  Hall  mobility,  and  photolu¬ 
minescence  spectrum  on  lattice  mismatch  are  studied.  In 
Sec.  IV,  we  present  measurements  on  the  effects  of  source 
material  purity  on  In.Ga,  .As/InP  heterointerfaces. 
There.  C-  V  data  are  studied  as  a  function  of  temperature  and 
measurement  frequency.  Deep-level  transient  spectroscopy 
(DLTS)  is  used  to  determine  the  characteristics  of  the  traps 
in  the  bulk  and  at  the  heterointerface.  Computer  simulations 
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of  the  apparent  free-carrier  concentration  profiles  are  then 
used  to  analyze  the  experimental  results  at  several  tempera¬ 
tures.  Finally,  in  Sec.  V,  conclusions  are  presented. 

II.  SAMPLE  PREPARATION 

Eight  LPE-grown  HJ  samples  (Nos.  1-8)  were  pre¬ 
pared  for  study.  The  InP  and  ln,Ga,  ,As  layers  were 
grown  on  either  ( 100)  semi-insulating  Fe-doped  InP  sub¬ 
strates  (sample  Nos.  4-6)  or  ( 100)  S-doped  n  '  -InP  sub¬ 
strates  with  an  electron  concentration  of  approximately 
3  X  10'"  cm  '.  Prior  to  growth,  the  substrates  were  organic 
solvent  cleaned  and  etched  in  a  solution  of  3:1.1 
H; SO4 :H, O.  .H2O  for  4  min,  and  then  rinsed  in  deionized 
water  immediately  before  loading  into  a  graphite  boat.  The 
growth  solutions  for  the  In^Ga,  ^  ,  As  layers  were  prepared 
using  either  ultrahigh  purity,''  99.99999  +  %  In  (sample 
Nos.  1-6),  or  99.9999  -t-  %  In  (sample  Nos.  7  and  8)  pre¬ 
baked  for  over  24  h  at  700  “C.  Afterwards.  99.9999%  pure 
polycrystalline  In  As  and  GaAs  were  added  to  the  melts.  Lat¬ 
tice-mismatched  layers  of  In.Ga,  ,As  were  grown  by 
varying  the  atomic  percentage  of  Ga  in  the  solution.  The 
solution  was  baked  prior  to  growth  at  20  °C  higher  than  the 
liquidus  temperature  for  more  than  48  h  to  reduce  the  back¬ 
ground  doping  concentrations  of  the  layers.  The  In-lnP  so¬ 
lution  for  the  InP  buffer  layer  was  prepared  using  prebaked 
In  (99.99999  -f  %  for  sample  Nos.  1-3.  and  99.9999  +  % 
for  sample  Nos.  7and  8).  The  solution  was  then  baked  for  an 
additional  48  h  after  adding  a  small  amount  of  InP  for  satu¬ 
ration  purposes.  Surface  preservation  during  heat-up  and 
melt  homogenization  was  achieved  by  keeping  the  substrate 
under  a  Sn-InP  melt**  using  a  basket  inserted  into  the  graph¬ 
ite  boat.  Furthermore,  the  substrate  was  either  placed  under 
an  unsaturated  In-InP  melt  for  5  s.  or  simply  slid  through  the 
melt  just  before  growth  to  obtain  a  fresh,  melted  back  sur¬ 
face.  We  found  that  there  was  no  difference  between  these 
two  methods  in  terms  of  material  quality.  However,  the 
grown  layer  surface  was  much  smoother  when  employing 
the  slide-through  method. 

For  sample  Nos.  1-3,  7,  and  8.  a  2-3-/im-thick  InP  buff¬ 
er  layer  was  then  grown  by  the  two-phase  method"  at  a  rate 
of  0.2  followed  by  an  In ,  Ga ,  ,  As  layer  grown  by  3 

°C  of  supercooling  at  647  *C.  The  In.Ga,  ,As  layers  of 
sample  Nos.  4-6  were  directly  grown  on  InP  substrates  with¬ 
out  buffer  layers  for  Hall-mobility  measurements.  Care  was 


taken  to  get  a  uniform  and  smooth  surface  morphology.  For 
this  purpose,  the  furnace  was  calibrated  to  obtain  a  uniform 
temperature  profile  to  within  0-  •  °C  over  a  25-cm  length. 
Table  I  lists  all  the  growth  and  materials  data  for  the  samples 
studied  in  this  work.  Double-crystal  x-ray  diffraction  was 
used  to  determine  the  lattice  mismatch.  (Aa/a)  .  between 
the  In,  Ga,  ,  As  layer  and  the  underlying  InP  layer.  Here. 
{004)  was  used  as  the  x-ray  reflection  plane.  The  values  of 
lattice  mismatch  of  the  eight  samples  studied  are  also  listed 
in  Table  I.  Here  (Au/u)  <0  indicates  that  the 
In,Ga,  ,  As  layer  is  under  compressive  strain  with  respect 
to  the  InP  layer  at  room  temperature. 

To  facilitate  the  C-V  measurements,  organic-on-inor- 
ganic  ( 01 )  diodes  were  fabricated  to  form  a  rectifying  con¬ 
tact  with  the  top  In.Ga,  _  ,As  layer  (see  inset.  Fig.  1). 
These  diodes  were  made  in  the  following  manner:''’-'  A 
2(XX)-A-thick  In  layer  or  a  100-A  Cr  with  2000-A  Au  layer 
were  vacuum  deposited  to  form  the  back  contact  to  the  InP 
substrate.  This  was  followed  by  vacuum  sublimation  of  a 
1000-A-thick  layer  of  the  prepurified  organic  semiconduc¬ 
tor  onto  the  epitaxial  surface  of  the  wafer.  The  organic  com¬ 
pound  employed  was  3.  4.  9,  10  perylenetetracarboxylic 
dianhydride  (PTCDA).  Finally,  circular  In  contacts  of  area 
5.3  X  10  ■*  cm'  were  deposited  through  a  shadow  mask  onto 
the  PTCDA  surface  to  form  an  ohmic  contact  with  the  or¬ 
ganic  layer.  The  organic  layer  forms  a  rectifying  HJ  barrier 
with  the  underlying  semiconductor  such  that  large  reverse- 
bias  voltages  can  be  applied  to  the  diode  (typically  18  V  for 
In,, 5, Ga,, 47  As  with  a  doping  of  I  x  lO"  cm  ')  without  in¬ 
ducing  large  reverse-bias  leakage  currents.  Usually,  the  re¬ 
verse  saturation  current  is  less  than  10  mA/cm',  and  thus 
the  sample  under  study  can  be  deeply  depleted  prior  to  un¬ 
dergoing  breakdown.  A  detailed  description  of  the  technique 
of  using  organic  films  for  wafer  analysis  has  been  presented 
elsewhere.'"" 

III.  LATTICE-MISMATCH  EFFECTS 

Sample  Nos.  1-6  were  grown  for  the  purpose  of  study¬ 
ing  the  effects  that  lattice  mismatch  have  on  the  heterointer¬ 
face.  Sample  Nos.  1-3  were  grown  on  n  '  -InP  substrates 
with  an  undoped  InP  buffer  layer  and  were  used  for  C-  V  and 
PL  measurements,  while  sample  Nos.  4—6  were  grown  di¬ 
rectly  on  semi-insulating  Fe-doped  InP  substrates  for  Hall 


TABLE  I.  Growth  and  malenals  data  (or  samples  studied. 


Sample  No. 

1 

2 

3 

4 

5 

h 

7 

8 

{lia/o)  ' 

-  0.03% 

-0  24% 

0  26% 

-  0.06% 

1 

P 

-  0. 1 8% 

-  0.02% 

-  0.06% 

Substrate 

n 

n 

n 

SI 

SI 

SI 

n 

II 

In  source 

99  99999%  t- 

99  99999%  + 

99  99999%  + 

99  99999%  4. 

99  99999%  4. 

99  99999%  - 

99.9999%  - 

99  9999%  + 

InP  V,. 

2.6X  10" 

3.2x  10" 

3.4x  10" 

1.6  ■  10" 

1.2  •  10"- 

In.Ca,  ,As 

8.9x  10" 

l.3x  10" 

2.3  X  10" 

1.2  s  10" 

14s  10" 

16  <  10" 

5  ;  s  10" 

6  5  -  10" 

Values  were  obtained  by  averaging  sis  x-ray  mea.suremenl  points  across  a  15  x  15-mm  '  wafer.  The  variation  of  lattice  mismatch  across  the  wafer  is  less  than 
±  5%. 
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FIG.  1.  Apparent  free-camer  conceniratinn  profiles  of  sample  No. 

1  at  several  temperatures.  The  inset  shows  the  orgunic-inorganic  diode 
structure  used  in  this  work. 


FIG.  2.  Measured  apparent  Tree-earner  concentration  profiles  for  sample 
Nos.  1-3  at  83  K.  The  inset  shows  the  energy-band  diagram  of  a  typical 
type- 1  heierojunction. 


measurements.  All  these  samples  were  grown  using  an  ultra- 
high-purity  In  source  to  eliminate  defects  introduced  by  the 
source  material.  The  magnitude  of  the  lattice  mismatches  for 
the  samples  are  indicated  in  Table  I. 

A.  C'l^mcasuraments 

The  apparent  free-carrier  concentration  profiles 
(n*(jr*)l  for  sample  No.  1  measured  at  several  tempera¬ 
tures  are  shown  in  Fig.  1 .  The  measurement  frequency  was  1 
MHz.  and  the  amplitude  of  the  ac  signal  was  10  mV,„,^.  As 
shown  in  the  figure,  the  peak  and  notch  which  correspond  to 
majority-carrier  accumulation  and  depletion  at  the  heteroin¬ 
terface.  respectively,  are  clearly  evident  at  all  temperatures. 
No  distortion  was  observed  as  the  temperature  was  varied 
between  293  and  83  K  except  that  the  peak  in  n*[x*)  shifts 
toward  the  substrate  {x*  increasing)  as  the  temperature  is 
decreased.  It  can  be  shown  that  the  profile  shift  is  largely  due 
to  series  resistance  and  surface  states  existing  at  the  rectify¬ 
ing  contact.’"  The  apparent  free-carrier  concentration  pro¬ 
files  of  sample  Nos.  2  and  3  also  exhibit  a  behavior  similar  to 
sample  No.  1  at  all  measurement  temperatures.  The  appar¬ 
ent  free-carrier  concentration  profiles  for  sample  Nos.  1-3  at 
83  K  are  shown  in  Fig.  2.  These  results  contradict  the  sug¬ 
gestion  of  Lang  et  air''  that  the  HJ  series  resistance  causes 
the  notch  in  the  In„,iGan47As/InP  HJs  to  vanish  at  low 
temperature.  According  to  that  assumption,  all  low-tem¬ 
perature  C-  y  measurements  made  for  this  HJ  system  should 
show  the  same  distortion,  which  is  clearly  contrary  to  our 
results. 

To  interpret  the  free-carrier  concentration  profiles  in 
Figs.  1  and  2.  we  show  the  band  diagram  of  an  n-N  isotype 

344  J.  Appl.  Phys.,  Vol.  69.  No.  1 . 1  January  1991 


type-1  HJ  such  as  In„  5  ,Ga„  47As/InP  in  the  inset  of  Fig.  2. 
The  conduction-band  offset  energy  is  related  to  the  HJ  diffu¬ 
sion  potential  (  ^OK  )  via 

A£*,.  =  9  -|-  —  5; .  ( 1 ) 

Here,  q  is  the  electronic  charge,  and  <5,  and  5.  are  the  depths 
of  the  Fermi  levels  as  measured  from  the  conduction-band 
edges  in  the  large-  and  small-band-gap  layers,  respectively. 

A  simple  capacitance-voltage  ( C-  V)  technique  to  deter¬ 
mine  the  band  offset  and  fixed  interface  charge  density  of 
HJs  using  n*(x*)  profiles  was  proposed  by  Kroemer  et  al. 
They  showed  that  the  diffusion  potential  of  an  n-N  isotype 
HJ  can  be  found  by  determining  n*{x* )  at  apparent  position 
X*  in  the  heterointerface  region,  and  using 

[iVo(x*) -n*(x:*)](x*-x^)</x*.  (2) 

The  fixed  charge  density  at  the  HJ,  a,  can  also  be  determined 
via 

<^=-{  [^Vo(x*) -n*(jc*)]dx*.  (3) 

Jl) 

where  e  is  the  semiconductor  permittivity,  and  n*(x*)  is 
determined  using  standard  C-V  analysis  methods."  Also. 
Npix*)  is  the  background  doping  concentration  which  is 
equal  ton*(jc*)  far  from  the  HJ,  and  jc,  is  the  actual  distance 
of  the  HJ  from  the  rectifying  contact.  Here,  the  peak  in 
n*(x* )  is  located  very  close  to  x^,  although  shifts  in  the  pro¬ 
file  due  to  series  resistance  and  surface  states  such  as  those  in 
Fig.  1  can  lead  to  errors  in  determining  Xj .  Once  the  diffusion 
potential  is  determined  from  Eq.  (2),  the  conduction-band 
offset  can  then  be  obtained  using  Eq.  (1). 
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The  low  and  flat  free-carner  concentrations  obtained  on 
both  sides  of  the  HJ  provide  an  accurate  determination  of  the 
background  free-carrier  concentration  (No ),  thus  minimiz¬ 
ing  the  error  in  calculating  the  diflTusion  potential,  ,  and 
hence  the  conduction-band  offset  energy,  A£, ,  using  Eqs. 
( 1 )  and  (2).  The  measured  conduction-band  offset  energy 
as  a  function  of  temperature  for  sample  Nos.  1-3  are  shown 
in  Fig.  3.  The  error  bars  are  due  to  the  small  uncertainties  in 
determining  and  the  background  doping  (N^)  on  the 
In,  Ga,  _  ,  As  side  of  the  heterojunction.  The  nonuniformity 
of  the  background  doping  concentration  on  the 
In,Ga,  _^As  side  (  ±2x10'"*  cm  ')  gives  an  error  of 
about  ±  6  meV  in  calculating  the  apparent  conduction- 
band  offsets.  It  is  clear  that  the  measured  conduction-band 
energy  discontinuities  for  sample  Nos.  2  and  3  are  indistin¬ 
guishable  from  those  of  sample  No.  I,  although  (Afl/a)i  is 
as  large  as  0.26%  for  the  later  samples.  According  to  Ku- 
phal,^^  there  should  be  a  24-meV  difference  between  the 
band-gap  energies  of  the  In ,  Ga,  _  ,  As  layers  of  sample  Nos. 
2  and  3  due  to  their  compositional  difference.  This  corre¬ 
sponds  to  about  a  10-meV  difference  in  conduction-band  off¬ 
set  values,  if  we  use  the  40:60  ratio  in  dividing  the 
In,  Ga,  _  As  and  InP  band-gap  diflierence  between  the  con¬ 
duction  and  valence  bands.’*  This  variation  in  A£<.,  how¬ 
ever,  is  within  the  limit  of  measurement  error. 

The  measured  conduction-band  offset  energy  is  clearly 
independent  of  temperature,  and  has  an  average  value  of 
(0.22  +  0.02)  eV,  consistent  with  room-temperature  values 
reported  previously  for  Ino  5.,Ga„47  As/InP  HJs."'''*  -''  Ap¬ 
parently,  this  is  the  first  time  that  A£,  measured  using  C-  V 
techniques  for  this  HJ  system  is  found  to  be  temperature 
independent. 

A  good  indication  of  the  heterointerface  quality  is  the 
density  of  the  fixed  charges  which  reside  at  heterointerface. 
The  dangling  bonds  and  defects  caused  by  the  lattice  mis¬ 
match,  if  they  are  electrically  active,  should  trap  free  carriers 
and  create  fixed  interface  charges.  Figure  4  shows  the  inter¬ 
face  fixed  charge  density  as  a  function  of  temperature  for 
these  three  samples.  It  can  be  seen  that  sample  No.  3,  which 
has  the  largest  ( Aa/a) , ,  also  has  the  smallest  cr,  while  sam- 


Ttmpcratur*  IK) 


FIG.  3.  Measured  conduclion-band  offset  energies  for  sample  Nos.  1-3  as  a 
function  of  temperacure. 
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FIG.  4.  Measured  interface  charge  densities  of  sample  Nos.  1-3  as  a  func¬ 
tion  of  temperature. 


pie  No.  I,  which  is  lattice  matched  at  the  growth  tempera¬ 
ture,  has  the  largest  a.  It  should  also  be  noted  that  the  inter¬ 
face  charge  densities  for  these  samples  are  at  least  one  order 
of  magnitude  smaller  than  values  reported  previously  for 
In„  5,Ga„47  As/InP  HJs,"  ''*  and  are  at  values  approaching 
the  limit  of  accuracy  of  the  C-K  measurement  technique. 
Furthermore,  the  lattice-mismatch  values  for  sample  Nos.  2 
and  3  are  at  least  twice  as  large  as  those  studied  previous¬ 
ly.'-''  This  result  is  evidence  that  there  is  no  correlation 
between  interface  defect  density  and  lattice  mismatch  for 
high-quality  In,Ga,  _  ,As/lnP  HJs,  at  least  for 
I  ( Aa/a),  I  <0.26%.  In  fact,  this  is  the  maximum  range  that 
the  In,  Ga ,  _ ,  As  layer  can  be  grown  on  InP  by  LPE  without 
inducing  serious  surface  nonuniformities. 

B.  Photoiuminescence  studies 

The  nonradiative  recombination  and  other  optical  prop¬ 
erties  of  the  lattice-mismatched  layers  were  investigated  us¬ 
ing  photoiuminescence.  Photoiuminescence  from  the 
ln,Ga,  _  ,  As  layers  was  excited  using  an  Ar-ion  laser,  with 
the  excitation  power  intensity  varied  from  0.5  to  15  W/cm' 
using  neutral  density  Alters.  The  light  was  chopped  and  ana¬ 
lyzed  with  a  0.75-m  double-  grating  monochromator  and  Ge 
detector  connected  to  a  lock-in  amplifier.  All  the  spectra 
were  taken  at  20  K. 

The  spectra  obtained  with  an  excitation  power  intensity 
of  0.5  W/cm’  for  sample  Nos.  1-3  are  shown  in  Fig.  5.  In¬ 
creasing  the  power  intensity  does  not  change  the  shape  of  the 
spectra.  However,  due  to  the  superlinear  increase  of  the  exci- 
ton  peak  intensity  with  respect  to  excitation  power,  detail  in 
the  low-energy  portion  of  the  spectra  is  obscured  at  high 
power.  The  exciton  linewidths  are  from  5  to  6  meV,  and  are 
not  affected  by  the  magnitude  of  the  lattice  mismatch.  In 
fact,  sample  No.  2  shows  the  highest  exciton  peak  intensity 
and  narrowest  linewidth,  which  is  about  4.7  meV.  This  result 
is  contrary  to  the  data  of  Su  ei  al.,'"  which  show  a  linewidth 
increasing  from  8  to  23  me  V  as  ( Aa/o ) ,  changes  from  0%  to 
—  0.25%.  We  suspect  that  the  change  of  linewidth  in  the 
data  of  Su  et  al.  is  due  to  the  increasing  background  doping 
concentration  with  increasing  lattice  mismatch  in  their  sam- 
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FIG.  5  Phojoluminescencespectra  of  sample  Nos,  1-3  at  20  K.  The  excita¬ 
tion  power  intensity  is  0.5  W/cm'. 


pies.  The  spectra  in  Fig.  5  also  show  no  additional  peaks 
within  90  tneV  of  the  exciton  peak  energies.  This  result  again 
contradicts  previous  studies,'" where  a  broad  peak  arising 
from  midgap  states  attributed  to  lattice  mismatch  was  ob¬ 
served.  We  point  out  that  the  In,  Ga,  ,  As  layer  thicknesses 
of  sample  Nos.  2  and  3  are  about  1.5  //m.  which  is  in  the 
range  for  which  Vagi'"  showed  that  the  broad  peak  had  the 
maximum  intensity.  If  this  feature  was  in  fact  due  to  lattice 
mismatch,  then  it  should  be  universally  observed  in  the  PL 
spectra.  However,  no  trace  of  this  broad  peak  can  be  ob¬ 
served  in  our  samples,  even  though  the  magnitude  of  the 
lattice  mismatch  is  about  twice  as  large  as  the  samples  stud¬ 
ied  by  Vagi. '"  These  optical  measurements  support  our  elec¬ 
trical  measurements  (C-F  and  Hall  measurements,  de¬ 
scribed  below )  in  that  the  energy  levels  created  by  the  lattice 
mismatch  and  its  related  defects  do  not  reside  in  the  band- 
gap  region.  Therefore,  the  HJ  interface  properties  are  not 
affected  by  the  lattice  mismatch  for  this  HJ  system. 

C.  Hall  measurements 

Sample  Nos.  4-6  were  grown  on  semi-insulating  Fe- 
doped  ( 100)  InP  substrates  for  Hall  measurements.  Sample 
Nos.  4  and  S  have  a  lattice-mismatch  value  comparable  to 
sample  Nos.  1  and  2.  respectively  (see  Table  I).  However, 
we  have  not  been  able  to  grow  an  In ,  Ga ,  ,  As  layer  with  a 
positive  lattice  mismatch  greater  than  0.2%  on  semi-insulat- 
ing  InP  substrates.  The  magnitude  of  the  lattice  mismatch  of 
sample  No.  6  is  thus  smaller  than  for  sample  No.  3,  but 
qualitative  comparison  can  still  be  made. 

Hall  measurements  were  made  using  a  standard  van  der 
Pauw  configuration  with  ohmic  contacts  placed  on  four 
comers  of  a  10  mm  x  10  mm  square  wafer.  The  ohmic  con- 
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tact  diumcier  was  0  5  nini  Thus,  the  error  induce'd  by  the 
contact  size  etfect  is  less  than  \'"i  The  magnetic  field  m- 
teiiMiy  used  was  2500  G.  We  used  a  small  ac  signal  as  the 
current  source  to  eliminate  misalignment  and  Eltingshau- 
sen-Seebeck  effects  '  The  magnitude  of  the  ac  current  ap¬ 
plied  was  50//A,,,,, ,  Table  11  lists  the  Hall  mobility  values 
and  carrier  concentrations  for  these  three  samples  at  both 
room  temperature  and  77  K.  We  see  that  the  room-tempera¬ 
ture  and  77-K  Hall  mobilities  for  these  samples  are  all  above 
1 1  000  and  44  000  em'/V  s,  respectively.  These  are  among 
the  highest  values  ever  reported  for  LPE-grown 
In.Ga,  .As  layers  in  a  doping  range  comparable  to  the 
samples  studied  here.  The  compensation  ratios 
[  K  —  k  )/"•.(. I  k  ]  are  all  within  10%.  Most  signif¬ 
icantly.  there  is  no  apparent  relationship  between  the  Hall 
mobility  value  and  the  magnitude  of  the  lattice  mismatch. 

According  to  Matthews.  '  the  critical  thickness  for 
which  misfits  can  be  accommodated  by  strain  alone  is  about 
520  A  for  samples  with  mismatches  as  large  as  sample  Nos.  2 
and  3.  However,  the  actual  In.Ga,  ,  As  layer  thicknesses 
for  these  samples  are  about  1.5  ^m.  which  are  much  thicker 
than  this  critical  value.  Therefore,  misfit  dislocations  must 
occur  at  or  near  the  HJs  to  accommodate  part  of  the  strain. 
The  estimated  dislocation  line  density  is  about  10"  cm 
That  is.  more  than  90%  of  the  misfit  is  released  in  the  forma¬ 
tion  of  dislocations.  The  dangling  bonds  at  the  HJ  interface 
are  thus  in  the  10'‘  cm  ’  range. However,  from  the  above 
experimental  results,  we  find  that  there  is  almost  no  differ¬ 
ence  caused  by  lattice  mismatch  in  either  the  electrical  or 
optical  measurements.  Thus,  we  can  conclude  that  the  states 
created  by  misfit  dislocations  are  not  electrically  active.  The 
energy  states  related  to  lattice  mismatch  are  pulled  into  ei¬ 
ther  the  conduction  or  valence  band  at  the  heterointerface, 
instead  of  residing  in  the  band-gap  region. 

III.  SOURCE  MATERIAL  PURITY  EFFECTS 

As  we  have  shown  above,  lattice  mismatch  does  not  play 
a  significant  role  in  determining  the  HJ  interface  properties. 
Therefore,  sample  Nos.  7  and  8.  which  were  grown  with  a 
less  pure  In  source  than  the  other  six  samples,  were  used  to 
study  source  material  effects  on  the  HJ  properties.  Frequen¬ 
cy-dependent  capacitance-voltage  measurements  and  deep- 
level  transient  spectroscopy  (DLTS)  were  performed  on 
these  latter  samples  to  further  investigate  the  source  of  inter- 
facial  defects  observed  in  previous  work. 


TABLE  11  Mobililiex  and  carrier  concent  rations  for  sample  Nos  4,  5.  and  b 
al  room  lemperalure  and  K. 


Sample  No. 

6 

7 

8 

(cm  /V  s) 

1 1  800  -  200 

1 1  400  -  200 

11  1(X)  - 

200 

;i-- 

(cm  /V  n) 

45  300  -  300 

44  dOO  -  300 

44  200  -- 

.300 

(cm  1 

12-  10'' 

14s  10' 

I.b  ■  10’ 

11-  (cm  1 

l.l  •  10" 

1.3  <  10'' 

1.4  ■  10" 
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A.  C-  V  mMSurcinants 

As  for  the  lattice-mismatched  samples,  the  apparent 
free-carner  concentration  profiles  for  sample  No.  7  show  no 
distortion  at  temperatures  as  low  as  *75  K.  and  the  measured 
conduction-band  offset  energies  remain  constant  with  tem¬ 
perature.  Although  the  length  of  solution  baking  time  and 
growth  conditions  are  the  same  for  all  the  samples,  the  back¬ 
ground  doping  concentrations  for  both  InP  and 
In^Ga,  ,  As  layers  of  sample  No,  7  are  at  least  four  times 
higher  than  for  the  samples  grown  with  the  high-purity  In 
source.  More  important,  however,  is  that  the  interface  fi.xed 
charge  density  of  sample  No.  7  is  at  least  five  times  higher 
than  for  sample  No.  1,  and  one  order  of  magnitude  higher 
than  for  sample  No.  3.  as  shown  in  Fig.  6.  Again,  no  tem¬ 
perature  dependence  for  the  interface  charge  density  is  ob¬ 
served. 

The  behavior  of  the  apparent  free-carrier  concentration 
profiles  is  somewhat  different  for  sample  No.  8.  as  shown  in 
Fig.  7.  Here,  the  profiles  also  display  a  clear  peak  ( peak  A ) 
and  notch  at  high  temperature.  However,  a  second  peak 
( peak  B)  emerges  in  the  notch  region  at  T  =.  1 10  K  that  is  not 
observed  in  the  other  samples.  This  peak  grows  as  the  tem¬ 
perature  decreases,  while  peak  A  shrinks.  The  relative 
growth  and  shrinkage  of  these  two  peaks  is  due  to  charge 
transfer  from  the  HJ  accumulation  region  ( peak  A )  into  the 
trap  sites  (peak  B)  at  low  temperature.  The  multiple-peak 
feature  has  also  been  observed  by  Jeong  ei  al. for  InGaAs/ 
GaAs  HJs.  and  Andre  et  al.'"  and  Leu  and  Forrest''  for 
In„,,Ga„47As/InP  HJs. 

The  appearance  of  such  a  sharp  peak  in  the  notch  region 
suggests  that  either  the  trap  energy  or  its  spatial  distribution 
is  very  narrow  in  this  sample.  As  we  discuss  below.  DLTS 
studies  indicate  that  the  trap  is  almost  uniformly  distributed 
across  the  bulk  of  the  In,  Ga,  ,  As  layer.  Thus,  we  can  rule 
out  the  possibility  that  the  sharp  peak  is  a  result  of  a  spatially 
confined  trap  level  at  the  heterointerface,  but  rather  is  due  to 
a  narrow  trap  energy  distribution.  In  C-  V  measurements,  the 
apparent  position  (x*)  is  a  function  of  the  bias  voltage,  and 
as  such  the  apparent  position  is  related  to  the  depth  of  the 
Fermi  energy  at  the  edge  of  the  depletion  region.  The 


FIG  h  Mejsured  inierfuct;  chjrgi;  dciiMiv  for  sumplc  No  7  at  Jilfcrem 
lemperalures  Value>  for  sample  No.  1  are  also  shown  as  a  comparison 
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FIG.  7.  Apparent  free-carner  concentration  profiles  of  sample  No  S  al  dif¬ 
ferent  temperatures  The  solid  lines  represent  the  experimental  data,  and 
the  dolled  lines  show  the  computer-simulated  results. 


trapped  electrons  are  thermalized  as  the  applied  bias  voltage 
pulls  the  quasi-Fermi  level  below  the  trap  energy  level.  Thus, 
the  apparent  spatial  sharpness  of  the  second  peak  in  the 
n*(x*)  profile  indicates  that  the  width  of  the  trap  energy 
distribution  is  very  narrow.  A  precise  estimate  of  this  ener¬ 
gy-level  width,  however,  is  not  possible  due  to  the  Debye 
length  limitations  to  the  resolution  of  the  C-F  data.'" 

We  have  also  investigated  the  frequency  dependence  of 
n*{x*)  of  sample  No.  8  at  2  MHz.  1  MHz.  400  kHz.  and  200 
kHz.  In  order  to  maintain  consistency  during  the  measure¬ 
ment.  a  10-mV,,„,  test  signal  was  used  at  all  frequencies. 
Figure  8  shows  n*(x*)  at  81  K  for  three  different  measure¬ 
ment  frequencies,  where  it  is  observed  that  the  notch  depth  is 
independent  of  frequency,  e.xcept  that  the  position  of  the 
peaks  associated  with  the  trap  (peak  B)  and  with  carrier 
accumulation  (peak  A)  shift  toward  the  substrate  as  fre¬ 
quency  increases.  This  result  is  different  to  a  previous  re¬ 
port'^  where  the  notch  totally  disappears  below  123  K.  and 
at  measurement  frequencies  as  low  as  100  kHz.  This  discrep¬ 
ancy  can  be  attributed  to  differences  in  trap  energy  and  spa¬ 
tial  distribution  between  our  samples  and  those  studied  else¬ 
where.  The  data  obtained  from  DLTS  measurements,  which 
we  discuss  below,  show  the  trap  in  sample  No.  8  is  uniformly 
distributed  in  the  bulk  region,  and  has  an  energy  level  much 
shallower  than  the  one  observed  by  Kazmierski  et  al.'"  Thus 
the  frequency  dependence  of  the  data  for  sample  No.  8  is  not 
as  pronounced  as  that  in  Ref.  14. 

The  apparent  conduction-band  ;ffset  of  sample  No.  8 
measured  as  a  function  of  temperature  and  frequency  using 
Eqs.  ( 1 )  and  (2)  is  shown  in  Fig.  9(a).  The  apparent  band 
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FIG.  8.  Appureni  free-carrier  conceniraiion  profil€^^  of  sample  No.  8  for 
three  dlfferenl  testing  frequencies  at  81  K. 


offset  energy  stays  almost  constant  down  to  about  1 50  K.  As 
temperature  is  lowered  further.  AE,  starts  to  drop  and  be¬ 
comes  flat  again  at  r<  120  K.  Contrary  to  previous  re¬ 
sults,  ' '  no  frequency  dependence  of  the  transition  in  the  val¬ 
ue  of  AE,  is  observed  when  temperature  is  varied. 

It  should  be  noted,  however,  that  the  apparent  conduc¬ 
tion-band  offset  measured  at  low  temperature  is  not  equal  to 
the  actual  offset  energy  ( A£.  )  since  the  apparent  offset  ener¬ 
gy  was  obtained  by  incorrectly  applying  Eqs.  ( 1 )  and  (2) 
under  conditions  where  a  second,  trap-related  peak  is  clearly 
evident.  It  has  been  shown"’  that  Eqs.  ( I )  and  (2)  can  only 
be  accurately  applied  under  conditions  of  low  trap  density 
where  the  potential  due  to  trapped  charge  is  small  compared 
with  the  heterojunction  dipole  potential.  This  difficulty  can 
be  removed  by  using''’ 

f’'o(0)  =  J  -x,)dxr  (4) 

where  k'„(0)  is  the  diffusion  potential  due  tothe/nmns/cHJ 
dipole  found  by  subtracting  the  contribution  of  trapped 
charges  using  the  integral  in  Eq.  (4).  Here.  .V  7  is  the  appar¬ 
ent  trap  density  at  position  x*.  It  is  important  to  note  that  in 
deriving  Eq.  (4),.V7  is  not  necessarily  assumed  to  be  due  to 
an  interface  trap:  it  could  also  be  due  to  a  bulk  trap.  For 
sample  No.  8.  N^{x*)  can  be  obtained  by  subtracting  the 
trap  contribution  (peak  B)  from  an  assumed  smoothly 
curved  notch  in  the  n*{x*)  profile,  i.e..  the  cross-hatched 
region  in  the  curves  in  Fig.  7  at  7"  =  8 1  K  and  T  =  95  K  ( for 
clarity,  cross-hatching  is  omitted  for  the  110-K  curve).  Both 
N  7  and  x*  —  jc,  are  positive,  such  that  the  integral  in  Eq. 
(4)  is  also  positive  in  this  case.  Therefore,  the  corrected  dif¬ 
fusion  potential.  K„(0).  and  hence  the  actual  conduction- 
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FIG.  9.(a)  Measured  conduction-band  offsets  as  a  function  of  temperature 
foT  sample  No.  8  obtained  using  the  depletion  capacitance-voltage  method, 
(b)  Measured  conduction-band  offset  for  sample  No,  8  after  correction  us¬ 
ing  Eq.  (4), 


band  offset  energy,  will  be  larger  than  the  values  plotted  in 
Fig.  9(a)  as  temperature  is  decreased.  Figure9(b)  shows  the 
conduction-band  offset  energies  obtained  using  Eq.  (4).  As 
shown  in  this  figure,  the  measured  conduction-band  offset 
energy  at  low  temperature  is  the  same  as  that  measured  at 
high  temperature  to  within  +  15  meV. 


B.  DLTS  measurements 

In  order  to  investigate  the  source  of  the  different  behav¬ 
ior  of  sample  Nos.  7  and  8.  DLTS  measurements  have  been 
performed  on  these  two  wafers.  The  various  material  layers 
were  characterized  by  applying  different  steady-state  re¬ 
verse-bias  voltages  to  the  OI  diodes.  The  majority-carrier 
pulse  height  was  3  V.  and  the  pulse  duration  was  500  /xs 
corresponding  to  the  minimum  pulse  duration  that  saturates 
the  capacitance  transient.  In  the  temperature  range  from  330 
to  90  K,  only  one  deep  level  was  detected  on  the 
In.Ga,  ,  As  side  of  the  HJ  of  sample  No.  8.  and  no  trap  was 
detected  in  sample  No.  7. 
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The  emission  rate  ofthe  trap  in  sample  No.  S  was  deter¬ 
mined  by  fitting  the  slope  of  ln{  I  —  [C(/)/C,,]}  versus 
time,  w  here  C(  / )  is  the  eapaeitance  at  time  t  from  the  end  of 
the  majoritv -earner  e.xcitation  pulse,  and  C,  is  the  steady- 
state  eapaeitance  laken  at  /  —  -yc .  The  decrease  of  the  initial 
value  of  capacitance  vvith  respect  to  its  steady-state  value 
indicates  that  this  is  a  majority-carrier  ( electron  )  trap  lev  el. 

Figure  10  shows  the  emission  rate  [plotted  as 
Inl  c,  /r  )  I  versus  q/kT  for  sample  No.  8.  Here  k  is  Boltz¬ 
mann's  constant,  and  c„  is  the  trap  emission  rate.  The  error 
bars  in  this  figure  are  due  to  randomness  m  the  measured 
value  of  C,  (  r  I  pF)  The  trap  energy  determined  from 
the  slope  of  the  plot  is  (0.10  —  0,02)  eV  below  the  conduc¬ 
tion-band  minimum,  which  is  similar  to  the  trap  reported 
previously  by  Whitney  et  al."  for  LPE-grown 
In,,..Ga,,4- As. 

The  spatial  distribution  of  the  traps  was  determined  by- 
applying  different  magnitudes  of  steady-state  reverse-bias 
voltages  and  majority-carrier  saturation  pulse  heights.  The 
trap  concentration  was  then  found  using;'*' 

.V,(.x)  =2{[C„  -  C(0)]/C„}.V'„.  (5) 

where  C(0)  is  the  capacitance  at  /  =  0.  The  trap  is  found  to 
be  uniformly  distributed  in  the  bulk  region  at  a  density  of 
S !  =  (5  2)  X  10'^  cm  *.  This  value  is  consistent  with 

previously  reported  data  for  In„,,Ga,,4- As/InP  HJs grown 
with  -t-  %  pure  In."  '*  However,  trap  accumula¬ 

tion  at  the  heterointerface  which  was  commonly  observed  in 
previous  studies  does  not  appear  in  our  sample.  In  fact,  we 
propose  that  the  difference  m  the  low-temperature  apparent 
free-carrier  concentration  profiles  between  our  data  and  pre¬ 
vious  results"  ' '  are  due  to  the  lack  of  trap  accumulation  in 
our  samples.  Trap  accumulation  at  the  heterointerface  de¬ 
pends  critically  on  the  initial  growth  stage  of  the  epitaxial 
layers.  However,  due  to  the  lack  of  published  information  on 
this  point,  we  cannot  makea  systematic  comparison  between 
our  growth  technique  and  those  used  by  others.  Thus,  we 
cannot  ascertain  the  direct  cause  of  the  growth-induced  dif¬ 
ferences  between  all  of  the  samples  reported  in  the  literature. 


FIG  10  Trjp  rule  js  .i  runtiion  tfl  icmperaturc  lor  sample  Nt?  S 

The  jctivahon  energy  obfaiiied  fmm  ihe  slope  td  this  plot  is  ( 0  10  -  002 ) 
eV  The  error  bars  are  due  to  the  uncertainty  in  chtnising  C.  values 


Using  DLTS  data  obtained  for  this  trap,  computer  sim¬ 
ulation  was  used  to  analyze  the  profiles  of  sample 

No.  8.  The  calculation  method  used  was  a  solution  of  Pois¬ 
son's  equations  in  the  HJ  region  based  on  the  model  pro¬ 
posed  by  Whiteway.'*’  The  basic  assumptions  ofthe  model 
are  that  the  reverse-bias  current  through  the  rectify  ing  bar¬ 
rier  is  vanishingly  small.  and  that  thequasi-Fermi  level  is  fiat 
throughout  the  depletion  region.  The  parameters  used  in  the 
calculation  were  obtained  from  e.xperiment.  and  are  listed  in 
Table  HI.  The  trap  activation  energy  (E.  )  was  the  only  ad¬ 
justable  parameter.  The  simulated  profiles  are  shown  by  the 
dotted  lines  in  Fig.  7.  The  simulated  profiles  are  observed  to 
fit  the  experimental  data  at  273  K.  However,  discrepancies 
between  the  data  and  the  calculation  which  appear  in  the 
notch  region  at  lower  temperature  are  believed  to  be  due  to 
compositional  gradients  near  the  heterointerface,  which  are 
not  included  in  the  model.  That  is.  the  shallower  notch  for 
the  measured  profiles  indicate  that  the  band  bending  on  the 
InPsideof  the  HJ  is  smaller  than  that  assumed  for  the  calcu¬ 
lated  profiles,  where  the  heterointerface  is  assumed  to  be 
abrupt.  The  very  high  density  of  free  carriers  accumulated 
on  the  In ,  Ga,  ,  As  side  of  the  HJ  makes  the  band  bending 
less  sensitive  to  composition  gradients  in  this  region.  There¬ 
fore.  almost  all  the  discrepancies  between  measurement  and 
simulation  occur  on  the  depleted  (InP)  side.  This  effect  is 
even  more  pronounced  at  low  temperatures  as  the  Fermi 
level  moves  closer  to  the  conduction-band  edge,  and  hence 
there  are  even  more  electrons  accumulated  at  the 
In.Ga,  ,  As  side  of  the  junction.  Nevertheless,  these  simu¬ 
lated  profiles  clearly  reveal  the  general  features  of  the  mea¬ 
sured  results.  The  best  fits  to  the  apparent  free-  carrier  con¬ 
centration  profiles  were  obtained  by  taking  £,  =  85  meV. 
which  is  within  the  limits  of  error  for  the  DLTS  result  of 
(100  ±20)  meV. 

The  difference  between  sample  Nos.  7  and  8  is  due  to  the 
manner  in  which  the  defects  are  distributed  during  growth. 
In  sample  No.  8.  the  defects  are  confined  in  a  very  narrow 
energy  range  in  the  bulk  region,  resulting  in  a  sharp  peak  in 
the  apparent  free-carrier  concentration  profile.  The  defects 
in  sample  No  7  near  the  heterointerface,  however,  are  dis- 


T.XBLE  III  Malerul  pjramelerN  used  in  simulation  lor  sample  No  S 
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persed  into  a  wider  energy  distribution,  resulting  in  a 
broader,  unresolved  peak  in  the  apparent  tree-earner  con¬ 
centration  profile.  The  distribution  coefficients  of  different 
impurity  species  might  play  an  important  role  in  determin¬ 
ing  the  final  results.  However,  the  growth  conditions  which 
favor  either  bulk  or  interface  defects  are  still  unclear  at  this 
point. 

The  importance  of  source  material  purity  on  the  HJ  in¬ 
terface  properties  is  quite  apparent  in  comparing  results  for 
sample  Nos.  7  and  8  to  the  other  lattice-mismatched  but 
high-purtty  samples  we  have  studied.  The  source  material 
not  only  affects  the  epitaxial  layer  background  carrier  con¬ 
centration.  but  also  the  interface  charge  densities  are  dra¬ 
matically  reduced  by  employing  high-purity  In  sources.  We 
conclude  that  the  relatively  high  HJ  interface  charge  densi¬ 
ties  in  sample  Nos.  7  and  8,  as  well  as  those  observed  in 
previous  studies, " ' ' '  are  due  to  the  impurities  introduced  by 
the  less  pure  source  materials.  Furthermore,  we  see  that  even 
the  very  low  bulk  trap  density  in  sample  No.  8  can  result  in  a 
severely  distorted  apparent  free-carrier  concentration  pro¬ 
file  in  the  HJ  region. 

IV.  CONCLUSIONS 

We  have  studied  the  effects  of  lattice  mismatch  and 
source  material  purity  on  the  electrical  and  optical  proper¬ 
ties  of  In^Ga,  ,  As/InP  HJs.  Extremely  low  interface  de¬ 
fect  densities  have  been  obtained  for  samples  grown  using 
ultrahigh-purity  In  source  melts.  The  interface  defect  den¬ 
sity  is  found  to  be  independent  of  both  the  magnitude  and  the 
sign  of  the  lattice  mismatch,  contrary  to  assertions  made  in 
previous  work.'* ''  Samples  grown  with  lower-purity  In 
sources  either  show  a  higher  value  of  a,  or  exhibit  a  distinct, 
trap-related  peak  in  the  apparent  free-carrier  concentration 
profiles  at  low  temperature.  Very  high  Hall  mobilities  were 
also  obtained  for  samples  using  high-purity  In  sources  at 
both  room  temperature  and  77  K,  and  were  found  to  be  inde¬ 
pendent  of  the  magnitude  of  the  lattice  mismatch.  Photolu¬ 
minescence  spectra  showed  very  high  intensity  at  low  excita¬ 
tion  power  for  all  samples,  and  the  exciton  linewidths  for  the 
In,  Ga,  ,  As  layers  were  also  unaffected  by  the  lattice  mis¬ 
match. 

The  observed  free-carrier  concentration  profiles  ob¬ 
tained  using  C-V  data  differ  from  other  reports  in  that  the 
notch  region  associated  with  carrier  depletion  at  the  InP  side 
of  the  HJ  is  clearly  apparent  even  at  temperatures  as  low  as 
83  K.  The  measured  conduction-band  offset  remains  con¬ 
stant  down  to  low  temperature,  with  a  value  of 
Af,  =  (0.22  0  02  eV).  This  is  consistent  with  values  ob¬ 

tained  at  room  temperature  reported  previously  for  this  he¬ 
terojunction  system."  Apparently,  this  represents  the 
first  time  the  conduction-band  offset  has  been  measured  over 
a  wide  temperature  range  without  showing  significant  tem¬ 
perature  effects. 

Deep-level  transient  spectroscopy  studies  indicate  that  a 
low  density  of  traps  is  found  to  be  uniformly  distributed  on 
the  In ,  Ga,  ,  As  side  of  the  HJ  in  one  of  the  samples  using 
99.9999  %  In.  The  trap  activation  energy  is 

(0.10  ±  0.02)  eV,  and  its  density  is  (5  ±  2)  X  10'^  cm 
which  is  less  than  10%  of  the  background  free-carner  con- 
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centraiion.  The  consistency  of  the  computer-simulated  ap¬ 
parent  fiee-carrier  concentraiioii  profiles  and  experimental 
measurements  taken  over  a  wide  temperature  range  also 
support  this  result.  The  preuously  reported  defect  is  asso¬ 
ciated  with  In  source  material  purity,  w  hereas  no  active  elec¬ 
tronic  defects  ha\e  been  associated  with  lattice  mismatch  in 
this  material  system. 

In  other  related  work  we  have  used  similar  methods  to 
grow  In,, . , Ga,, As/InP  junction  field-effect  transistors 
(JFETs)  with  extremely  high  device  output  resistance. 
This  high  output  resistance  is  attributed  to  relatively  defect- 
free  ln„5,Ga,,j-As/InP  heterointerfaces,  and  thus  low'  in¬ 
terface  recombination  currents.  Using  the  results  presented 
in  this  work,  we  can  make  a  simple  estimate  of  the  effect  of 
interface  defects  on  the  output  resistance  of  such  FETs.  For 
e.xample.  a  JFET  with  a  2-/tm-long  by  1 50-/jm-wide  channel 
with  a  doping  concentration  of  5  x  10''’  cm  '  range  has  a 
drain-to-source  current  (/|,s )  of  about  30  mA  when  the  de¬ 
vice  is  operated  in  the  saturation  regime.  The  free-carrier 
concentration  near  the  heterointerface,  n  =  ), 

is  therefore  about  6  X  10'’  cm  '  if  we  assume  a  100-A  chan¬ 
nel  depth  and  a  saturation  velocity  of  =2x10’  cm/s.’'"* 
Here,  A  is  the  current  path  cross-sectional  area,  which  is 
1.5  x  10  ”  cm’.  Commonly  observed  heterointerfaces  have 
a  defect  densities  (A,,)  of  about  10"  cm  v"  ”  Also,  the 
defect  capture  cross  sections  (a,  )  are  typically  10  '"cm'." 
In  this  case,  the  interface  recombination  current  density, 
J  =  ngN,,cr,  K,.„ ,  is  about  1(X)  A/cm^  With  a  1-V  increase  in 
the  drain-to-source  voltage,  the  modulated  channel  length  is 
approximately  1  /nm.  which  results  in  a  recombination  cur¬ 
rent  of  about  150  /uA.  The  output  resistance  is  then  6-7  kil. 
which  compares  to  our  devices  with  output  resistance  of 
typically  30  kfi.  This  suggests  that  .V„  in  our  samples  is  less 
than  2  X  10'"  cm  %  which  is  consistent  with  values  reported 
in  this  work  using  99.9999  -|-  %  purity  In.  Even  higher  out¬ 
put  resistances  are  expected  for  JFETs  grown  using  ultra- 
high-purity  In.  This  calculation  underscores  the  importance 
in  using  high-purity  metal  sources  in  order  that  we  achieve 
the  best  performance  in  such  heterojunction  devices. 
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E  Optically  powered  arrays  for  optoelectronic 
interconnection  networks 


M.  Govindarajan  and  Stephen  R.  Forrest 


We  describe  a  novel  integrated,  optically  powered  optoelectronic  array  for  use  in  2-D  interconnection 
networks.  We  discuss  a  generic  optoelectronic  processing  structure  and  propose  two  circuit  schemes  for 
realizing  these  interconnect  arrays.  It  is  shown  that  optical  powering  of  the  array  pixel  electronics  consider¬ 
ably  reduces  the  high  frequency  crosstalk  between  adjacent  array  elements,  leading  to  improvements  in 
bandwidth  by  >  1  order  of  magnitude  when  compared  with  similar  conventionally  powered  systems.  Design 
criteria  are  established  for  determining  the  trade-offs  between  fanout  and  power  dissipation,  and  factors 
limiting  packing  density  in  the  optically  powered  scheme  are  also  discussed.  We  also  compare  the  perfor¬ 
mance  of  optically  powered  optoelectronic,  conventional  optoelectronic  and  ail-optical  systems  on  the  basis  of 
bandwidth,  crosstalk,  packing  density,  and  functionality  and  find  that  optical  powering  has  several  advan¬ 
tages  for  use  in  advanced  system  architectures. 


I.  Introduction 

It  has  been  suggested  that  optical  computing  offers 
the  advantages  of  parallelism,  high  bandwidth,  and 
low  electromagnetic  interference  between  channels. 
Nevertheless,  optical  computing  requires  the  develop¬ 
ment  of  generic  stages  for  interconnects,  processing, 
and  memory.  ‘  In  this  paper  we  describe  schemes  for 
realizing  an  optoelectronic  interconnection  stage  for 
optical  computing  and  switching  applications  along 
with  a  quantitative  analysis  of  system  performance 
and  device  parameters.  Such  an  interconnection 
scheme  will  also  be  attractive  for  parallel  interconnec¬ 
tion  of  silicon  VLSI  processors. 

An  important  prototype  for  a  photonic  interconnec¬ 
tion  system  is  the  shuffle  network.-"*  The  essential 
feature  of  this  system  (Fig.  1)  is  the  spatial  intercon¬ 
nection  of  pixels.  While  large  scale  spatial  intercon¬ 
nection  is  difficult  to  accomplish  by  conventional  elec¬ 
tronic  means  at  high  frequencies  (>1  GHz),  optical 
signals  with  their  properties  of  noninterference  in  a 
homogenous  medium  and  raylike  nature  are  the  ideal 
means  to  do  so. 

Computing  involves  not  only  the  interconnection 
but  also  the  processing  of  signals  according  to  desired 
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algorithms.  The  archetype  processing  element  of  con¬ 
ventional  electronics  is  the  three-terminal  device 
which  can  function  either  as  a  linear  amplifier  or  as  a 
logic  stage.  Its  most  important  property  is  the  ability 
to  give  signal  power  gain  and  output  fanout  such  that 
interconnections  with  several  subsequent  logic  stages 
can  be  established.  Similarly,  the  archetype  process¬ 
ing  element  for  all-optical  processing  is  the  three-ter¬ 
minal  photonic  device,  capable  of  performing  func¬ 
tions  analogous  to  its  electronic  counterpart. 
Unfortimately,  such  an  all-optical  device  having  a  gain 
or  processing  efficiency  comparable  to  electronic  de¬ 
vices  has  not  yet  been  demonstrated. 

Thus,  the  optoelectronic  approach  can  offer  the 
right  blend  of  photonics  and  electronics  for  both  opti¬ 
cal  computing  and  interconnection.  A  generic  optoe¬ 
lectronic  processing  structure  is  shown  in  Fig.  2.  In 
this  scheme,  interconnection  between  the  processing 
stages  is  carried  out  optically.  A  detector  converts  the 
input  light  signals  into  proportional  electrical  signals, 
which  are  then  amplified  and  processed  using  conven¬ 
tional  electronics.  The  processed  signals  are  subse¬ 
quently  used  to  modulate  an  optical  transmitter  which 
produces  the  optical  output  of  the  stage.  A  typical 
interconnection  would  consist  of  an  array  of  pixels, 
each  having  the  same  schematic  structure  as  in  Fig.  2, 
which  allows  for  the  implementation  of  control.  In  a 
computer  architecture,  these  stages  also  need  to  pro¬ 
vide  the  necessary  fanout  of  the  signals  to  subsequent 
stages.  The  realization  of  large  scale  electronic  net¬ 
works  using  the  architectures  shown  in  Figs.  1  and  2  are 
still  beset  by  numerous  problems  such  as  difficulty  in 
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Interconnection  Optics 


Fig.  1.  Schematic  of  an  optical  implementation  of  a  shuffle  inter¬ 
connection  network  (after  Sawchuk  and  Glaser^). 


Oatteti  Pawtr 


Fig.  2.  Generic  optically  powered  and  controlled  optoelectronic 
structure  for  optical  computing  and  interconnection. 


interconnection,  high  frequency  parasitic  coupling  be¬ 
tween  elements,  excessive  power  dissipation,  etc.  In 
the  systems  discussed  in  this  paper  we  overcome  sever¬ 
al  of  these  dlfHculties  by  using  a  novel  architecture 
where  both  control  and  power  to  the  pixel  is  supplied 
by  optical  means,  as  opposed  to  electronically  supplied 
power  used  in  conventional  systems.  This  approach 
underlines  the  essential  advantage  of  optoelectronics; 
It  uses  reliable,  high  performance  electronic  technol¬ 
ogy  for  processing  the  signals,  while  utilizing  the  ad¬ 
vantages  of  photonics  for  the  interconnects. 

Recently,  the  concept  of  optical  powering  has  at¬ 
tracted  renewed  attention.  The  idea  was  first  pro¬ 
posed  and  demonstrated  for  communications,^'  and 
recently,  for  an  optical  interconnection  system.^  The 
latter  work  provides  the  archetypo  for  this  study.  The 
use  of  optical  powering  to  achieve  an  all-optical  optoe¬ 
lectronic  s}'stem  has  many  potential  advantages.  Par¬ 
asitic  reactances  due  to  power  supply  lines  in  extensive 
2-D  arrays  can  be  reduced,  hence  r^ucing  interchan- 
nel  crosstalk.  Further  remote  control  of  interconnec¬ 
tions  is  made  possible  by  implementing  the  control 
signals  optically.  In  applications  where  the  con¬ 
straints  on  suppl3nng  power  through  wires  and  high, 
optical  powering  offers  a  simple  way  to  access  modules. 
It  can  be  realized  by  incorporating  dedicated  photovol¬ 
taic  cells  into  each  of  the  processing  pixels  (Fig.  3). 
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Fig.  3.  Realization  of  opti 'all;,  oowered  and  controlled  intercon¬ 
nection  array. 


Power  is  incident  on  the  structure  through  a  separate 
light  beam,  which  is  distributed  appropriately  to  each 
pixel. 

This  paper,  which  considers  in  detail  the  advantages 
and  limitations  of  the  optically  powered  optoelectronic 
approach,  is  organized  as  follows:  In  Sec.  II  we  discuss 
two  circuit  schemes  for  use  in  the  arrays.  Also,  we 
describe  the  use  of  optical  powering  as  well  as  schemes 
for  optical  control.  In  Sec.  Ill  we  quantitatively  show 
that  optical  powering  is  a  means  to  realize  high  band¬ 
width  optoelectronic  structures.  In  Secs.  FV-VI  we 
quantitatively  discuss  the  circuit  schemes  of  Sec.  II 
with  respect  to  gain  and  power  dissipation.  Design 
curves  for  different  device  technologies  are  derived, 
and  the  relevant  trade-offs  are  determined.  Both 
bipolar  and  field  effect  transistors  made  from 
Ino,53Gao.47As,  InP,  and  GaAs  are  compared  in  terms  of 
their  power  dissipation  performance.  W e  conclude  in 
Sec.  VII  with  a  performance  comparison  of  opticaUy 
powered  optoelectronic,  conventionally  powered  op¬ 
toelectronic,  and  all-optical  system  architectures. 

II.  Implementation  of  Optically  Powered  and  Controlled 
Interconnects 

An  archetype  interconnection  system  consists  of  an 
array  of  optoelectronic  pixels,  each  having  the  struc¬ 
ture  shown  in  Fig.  2.  The  array  itself  is  optically 
powered  by  photovoltaic  cells  located  within  each 
pixel.  The  control  signals  are  also  implemented  opti¬ 
cally.  Once  the  connection  is  established  by  the  con¬ 
trol  signal,  the  output  of  the  transmitter  is  focused  by 
the  intermediate  lens  stages  onto  a  given  pixel  in  the 
array  of  the  next  stage,  and  so  on  (see  Fig.  1). 

The  transmitter  stage  of  each  pixel  uses  a  laser  diode 
because  of  its  high  efficiency.  The  type  of  amplifier 
employed  depends  on  the  method  used  to  take  the 
laser  beyond  threshold.  In  the  first  scheme  [Fig.  4(a)l, 
the  laser  (L)  is  biased  just  below  threshold,  requiring 
only  a  small  signal  optical  input  to  the  pixel.  Small 
here  is  decided  by  the  sensitivity  of  the  detector  iPD) 
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Fig.  4.  (a)  Schematic  of  a  prebiased  laser  circuit,  (b)  Schematic  of 
the  unprebiased  laser  circuit. 


and  is  defined  as  the  minimum  signal  power  necessary 
for  the  signpj  to  be  distinguishable  (at  a  given  error 
rate)  froui  noise  and  other  spurious  background  sig¬ 
nals.  Typically,  receiver  sensitivities  must  be  greater 
than  -25  dBm  for  band  widths  <1  GHz,^  assuming  a 
bit  error  rate  of  Thus,  the  input  is  a  small  signal 
incremental  quantity.  The  amplified  output  incre¬ 
mental  current  takes  the  laser  beyond  threshold. 
There  are  several  difficulties  associated  with  this  pre¬ 
biased  arrangement.  First,  the  threshold  current  of 
the  laser  varies  considerably  with  temperature,'*’  mak¬ 
ing  it  difficult  to  control  in  extensive  2-0  arrays  such  as 
the  one  shown  in  Fig.  3.  Second,  the  turn  on  of  the 
laser  is  soft  due  to  spontaneous  emission,  thus  requir¬ 
ing  significant  gain  from  the  amplifier  circuit.  F inally, 
the  system  performance  is  degraded  by  noise  at  the 
amplifier  ports,"  '*'  which  includes  both  the  equilibri¬ 
um  as  well  as  switching  noise.  In  spite  of  these  diffi¬ 
culties,  such  a  prebiased  system  is  needed  in  analog 
applications  where  linear  response  is  essential,  as  well 
as  in  applications  where  the  input  signal  level  is  close  to 
the  noise  threshold. 

The  second  scheme  [Fig.  4(b)]  is  not  to  prebias  the 
laser.  The  amplifier  is  turned  on  by  the  input  signal, 
and  the  resulting  output  current  takes  the  laser  be¬ 
yond  threshold.  This  scheme  has  the  advantages  of 
not  being  seriously  affected  by  variations  in  laser 
threshold  current,  or  by  the  presence  of  equilibrium 
noise,  although  switching  noise  remains  a  major  design 
problem.  As  noted  above,  however,  the  scheme  is  not 
suitable  for  small  signal  analog  applications. 

Note  that  both  schemes  benefit  from  the  use  of  very 
low  threshold  lasers  such  as  those  demonstrated  re¬ 
cently  in  both  the  AlGaAs/GaAs'*'  and  InP/InGaAsP''* 


materials  systems.  We  will  study  further  the  charac¬ 
teristics  of  both  schemes  as  they  apply  to  large  2-D 
arrays  in  the  following  sections. 

Optical  powering  can  be  implemented  using  a  cw 
beam  that  is  divided  and  distributed  to  the  array  pixels 
using  conventional  lens'*  or  grating  stages.  The  num¬ 
ber  of  pixels  that  can  be  powered  in  this  manner  is 
limited  by  the  geometric  properties  of  the  optical 
stages,  the  coupling  efficiency,  and  the  power  dissipat¬ 
ed  by  the  array  pixels.  The  optics  constraints  arise 
from  the  size  and  intensity  of  the  power  beam  incident 
on  a  photovoltaic  (PV)  cell.  As  a  worst  case,  we  as¬ 
sume  that  all  the  power  incident  on  a  pixel  is  dissipated 
as  heat.  Then,  the  maximum  intensity  of  the  beam  is 
limited  by  the  maximum  areal  power  dissipation  den¬ 
sity,  Op,  permitted  by  the  chip’s  cooling  system.  A 
typical  value  of  Op  is  1  W/cm-.'®  In  Sec.  VI,  we  show 
that  the  typical  pixel  linear  (d)  dimension  (as  deter¬ 
mined  from  power  dissipation  criteria)  for  circuits 
such  as  those  in  Figs.  4(a)  and  (b)  is  somewhat  <1000 
nm,  suggesting  that  the  power  dissipation  per  pixel 
cannot  exceed  10  mW.  Thus,  we  can  expect  to  have 
~100  pixels/cm-  in  an  optoelectronic  architecture. 
Further,  assuming  the  power  source  is  a  1-W  cw  GaAs 
laser  with  a  50%  coupling  efficiency  to  the  pixels,  we 
conclude  that  a  single  laser  can  be  used  to  power  >50 
pixels.  If  the  data  signal  is  at  a  wavelength  of  1  ^tm,  the 
geometric  limits  set  on  the  pixel  size  by  the  resolution 
of  the  optics  will  be  much  weaker  than  the  thermal  one. 
We  show  that  the  nonideal  efficiency  of  the  PV  cell 
leads  to  a  further,  proportionate  reduction  in  pixel 
packing  density  (i.e.  the  number  of  pixels  allowed  per 
unit  area  consistent  with  o-p).  These  considerations 
are  discussed  further  in  the  following  sections. 

An  advantage  of  optoelectronic  over  all-optical  ap¬ 
proaches  is  the  ability  to  control  the  processor  effi¬ 
ciently.  The  use  of  optical  signals  for  control  gives  a 
versatile  system  that  mimics  all-optical  ones.  The 
implementation  of  the  optical  control  of  a  pixel  can  be 
done  via  devices  such  as  photodiodes  and  phototran¬ 
sistors  incorporated  into  the  circuit.  A  separate  con¬ 
trol  signal  is  used  to  activate  the  detector  or  amplifier 
stage  of  the  processor.'®  The  choice  of  the  point  of 
switching  depends  on  the  amount  of  noise  introduced 
by  the  switching  process  in  comparison  to  the  signal 
level.  For  example,  in  the  prebiased  laser  scheme 
where  input  signal  levels  are  small,  the  switching  is 
accomplished  best  at  the  stage  following  the  amplifier. 
In  the  realization  of  a  hybrid  optoelectronic  crossbar 
switch,  Forrest  et  ai.'®  used  a  transistor  array  to  switch 
the  detector  stage  to  the  power  supply.  They  mea¬ 
sured  switching  times  of  10-200  ns,  these  being  deter¬ 
mined  by  the  RC  time  constant  of  the  switching  de¬ 
vice-active  load  combination.  The  scheme  can  be 
controlled  optically  by  switching  the  transistors  with  a 
control  beam  incident  on  standard  detector  stages 
such  as  PIN  photodiodes. 

A  typical  control  signal  distribution  scheme  is  to 
modulate  a  control  beam  array  by  a  series  of  acous¬ 
tooptic  (AO)  modulators.''  The  outputs  of  the  modu¬ 
lators  are  focused  on  the  pixel  control  elements.  Typi- 
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cally,  AO  modulators  can  be  modulated  at  frequencies 
>500  MHz.  >8 


III.  Crosstalk 

The  primary  source  of  switching  noise  in  high  fre¬ 
quency  systems  is  the  propagation  of  switching  tran¬ 
sients  from  one  pixel  to  another  via  the  power  supply 
lines  running  between  several  closely  spaced  pixels. 
In  addition,  these  lines  are  parasitically  coupled  by 
distributed  reactances.  This  crosstalk  coupling  can 
drastically  degrade  the  performance  of  electronic  sys¬ 
tems  at  high  frequencies.  The  conventional  solution 
to  the  problem  is  to  design  suitable  decoupling 
schemes  to  improve  the  isolation  of  adjacent  stages. 
However,  such  decoupling  is  rarely  adequate  at  high 
bandwidth  and  requires  the  use  of  large  decoupling 
capacitors.  The  decoupling  using  optical  powering  is 
far  more  effective  and  provides  for  high  density  cir¬ 
cuits.  Optical  powering  can  also  be  used  for  biasing 
symmetric  self-electrooptic  effect  (S-SEED)  based  op¬ 
tical  logic  arrays.  Crosstalk  between  long  power  sup¬ 
ply  lines  running  across  these  arrays  can  be  reduced 
drastically,  thus  increasing  the  crosstalk-limited 
switching  frequency. 

In  a  large  2-D  array  of  pixels,  each  element  has 
neighbors  at  various  distances  from  it.  In  a  digital 
transmission  scheme,  the  effect  of  crosstalk  from  sig¬ 
nals  incident  on  neighboring  pixels  is  to  change  the 
decision  levels  of  the  system,  thus  leading  to  bit  errors. 
In  the  case  of  asynchronous  transmission,  we  can  treat 
the  crosstalk  as  additive  Gaussian  noise.  In  this  case, 
the  bit  error  rate  (BER)  is  given  by“ 

BER  -  1/(2t)‘'s  lexp(-Q2/2)/Q),  (D 

where  Q  is  the  ratio  of  the  root  mean  square  (rms) 
signal  voltage  to  the  total  rms  crostalk  voltage.  Cros- 
st^k  X  is  deflned  as  the  reciprocal  of  Q.  Using  Eq.  (1), 
for  a  BER  the  total  crosstalk  must  be  less  than 

-17  dB. 

The  worst  case  is  given  by  a  synchronous  transmis¬ 
sion  system  when  the  signal  level  in  the  primary  pixel 
corresponds  to  a  zero  while  those  at  all  the  neighboring 
(secondary)  pixels  correspond  to  a  one.  While  a  statis¬ 
tical  anal3rsis  of  this  situation  is  difficult,  we  can  expect 
that  the  crosstalk  performance  of  this  scheme  will  be 
poorer  than  that  of  the  asynchronous  case.  This  is 
because  it  is  the  amplitude  of  the  crosstalk  signal  that 
is  important  in  the  synchronous  case,  while  the  rms 
value  of  X  decides  the  BER  in  the  asynchronous  case. 

Returning  to  the  asynchronous  case,  we  assume  that 
the  neighbors  of  a  given  pixel  can  be  classified  eis  eight 
first-order  nearest  neighbors  [indicated  by  ones  in  Fig. 
5(a)]  and  sixteen  second-order  neighbors  twos  in  Fig. 
5(a)].  Higher-order  neighbors  are  neglected  in  com¬ 
parison.  Then,  the  total  worst-case  crosstalk  is  given 
by 

X  “  8xi  +  16x2,  (2) 

where  xi  and  X2  are  the  rms  crostalk  values  due  to  each 
first-  and  second-order  neighbor,  respectively. 
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Fig.  5.  (a)  Schematic  of  the  nearest  neighbor  approximation  for  a 
pixel  in  a  large  2-D  array,  (b)  A  simple  1-D  incremental  equivalent 
circuit  for  the  array  in  (a). 


For  high  switching  frequencies,  the  transmission 
line  nature  of  the  circuit  elements  becomes  important 
and  an  accurate  estimation  of  xi  and  X2  requires  so¬ 
phisticated  models.20  21  The  simplest  approximation 
to  this  situation  is  the  “lumped  capacitance”  model. 
This  approximation  is  adequate  for  switching  times 
>200-300  ps  and  line  lengths  «1  mm.^® 

A  simple  1-D  incremental  equivalent  circuit  for  the 
array  in  Fig.  5(a)  is  shown  in  Fig.  5(b),  which  applies  to 
the  prebiased  laser  case.  The  current  source,  ip,  repre¬ 
sents  the  primary  photocurrent,  A  the  amplifier,  Cp 
the  capacitance  of  the  photodiode,  Ri  the  input  load 
resistor,  and  C,„  the  capacitance  due  to  the  ampUHer 
input  port  and  the  resistor.  The  transmission  lines 
represent  the  power  supply  lines  in  a  conventionally 
powered  case.  In  the  optically  powered  case  these 
lines  are  absent.  As  mentioned,  the  coupling  between 
the  pixels  in  the  conventionally  powered  scheme  can 
be  reduced  by  introducing  large  decoupling  capacitors 
between  the  power  supply  and  ground.  This  provides 
a  short-circuitlike  path  to  ground  for  the  high  frequen¬ 
cy  signals  on  the  transmission  lines.  Typically,  such 
monolithic  capacitors  use  metal  insulator  semiconduc¬ 
tor  (MIS)  technology.  Using  Cr  4  for  the  insulator 
dielectric  constant  and  an  insulator  thickness  of  1000 
A,  the  capacitance  per  unit  area  is  35  nF/cm*.  For  a 
given  grounding  capacitance,  we  can  thus  calculate  the 
chip  area  required  using  a  MIS  structure. 

The  conventional  method  of  analysis^*  of  crosstalk 
in  such  a  circuit  is  to  calculate  the  Maxwellian  capaci¬ 
tance  matrix  coupling  the  nodes  in  one  pixel  to  those  in 
the  neighbors.  The  matrix  element  C,,  relates  the 
charge  on  node  i  of  a  given  pixel  to  the  voltage  on  node  j 
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TabI*  I.  Paramalar*  UMd  In  Crowtalk  Calculallona 


Symbol 

Parameter 

Value 

Units 

c„ 

Photodiode  capacitance 

0.5 

pF 

c,„ 

Amplifier  input  capacitance 

0.5 

pF 

d 

Pixel  dimension 

1 

mm 

Zu 

Line  impedance 

75 

o 

w 

Linewidth 

5 

Mm 

Fig.  6.  Typical  variation  of  first-  (xi)  and  second-  (xa)  order  cros¬ 
stalk  as  a  function  of  frequency  for  an  optically  (top)  and  electrically 
(bottom)  powered  array.  The  total  crosstalk  (x)  is  also  shown. 


of  an  adjacent  pixel.  For  simplicity,  we  restrict  these 
nodes  to  be  the  input  and  output  ports  of  the  ampliHer 
stage  alone.  Thus,  the  capacitance  matrix  in  our  case 
can  be  written  as 


where  1  and  2  represent  the  input  and  output  porta  of 
the  amplifier,  respectively.  From  Appendix  A,  where 
we  estimate  the  matrix  elements  using  a  simplified 
geometry,  it  is  found  that  the  coupling  capacitance  is 
due  mainly  to  the  electrical  interconnection  lines  with¬ 
in  the  pixels  and  the  capacitance  per  unit  length  of 
coupling  is  only  weakly  dependent  on  the  spacing  be¬ 
tween  the  lines  for  line  spacings  > 200  tiia.  We  assume 
that  the  length  of  these  lines  is  25%  of  the  pixel  linear 


dimension  (=«1000  nm)  in  both  the  conventionally  as 
well  as  optically  powered  cases. 

The  crosstalk  in  these  conditions  has  been  deter¬ 
mined  by  simulating  the  equivalent  circuit  in  Fig.  5(b) 
using  SPICE  along  with  the  typical  component  parame¬ 
ters  given  in  Table  I.  A  plot  of  the  total  crosstalk 
(assuming/?/:  =  20012)  and  its  constituents  [see  Eq.  (2)] 
is  shown  in  Fig.  6  for  both  optical  and  electrical  power¬ 
ing.  The  crosstalk  is  a  linearly  increasing  function, 
indicating  that  the  primary  signal  is  being  differentiat¬ 
ed  by  the  coupling  capacitances.  In  the  optically 
powered  case,  X2  is  negligible  compared  with  xi  over 
the  entire  frequency  range  considered.  Hence,  the 
total  crosstalk  can  be  taken  entirely  to  be  the  result  of 
first-order  nearest  neighbors.  Further,  the  total  cros¬ 
stalk  in  the  optically  powered  case  is  20  dB  lower  than 
that  in  the  electrical  case  (where  X2  cannot  be  neglect¬ 
ed).  This  shows  that  optical  powering  can  provide 
good  decoupling  between  adjacent  array  pixels. 

For  a  BER  <  10"^-,  the  requirement  that  x  <  ~  I'i'  dB 
can  be  translated  into  a  maximum  allowed  bandwidth 
using  crosstalk  calculations  as  shown  in  Fig.  6.  This 
maximum  bandwidth  is  plotted  in  Fig.  7  as  a  function 
of  the  leading  coupling  capacitance  matrix  term  Cn  for 
various  values  of  the  photodiode  bias  resistance  /?/,. 
The  pixel  packing  density  p  corresponding  to  each 
value  of  Cl  1  is  shown  on  the  top  abscissa. 

It  was  assumed  in  the  case  of  the  electrically 
powered  system  that  the  dimension  of  the  grounding 
capacitance  is  half  of  pixel  dimension  d  for  a  given 
packing  density.  Thus,  the  curves  in  the  electrically 
powered  case  cut  off  when  the  grounding  capacitance 
required  to  improve  the  bandwidth  further  becomes 
inconsistent  (too  large)  for  the  particular  packing  den¬ 
sity  assumed.  It  can  be  readily  seen  that  the  optically 
powered  architecture  begins  to  show  a  sizable  increase 
in  bandwidth  for  Cu  <  20  fF,  whereas  the  electronical¬ 
ly  powered  architecture  does  not  benefit  from  using 
small  capacitance  front  ends.  Note  that  in  both  cases 
the  bandwidth  increases  with  increasing  pixel  packing 
density  p.  This  results  since,  as  p  increases,  the  pixel 
linear  dimension  d  must  decrease.  Since  Cu  depends 
on  this  dimension,  we  see  that  Cu  decreases  with  in¬ 
creasing  p,  thus  leading  to  higher  bandwidth  opera¬ 
tion.  However,  for  electrical  powering,  the  increase  in 
maximum  bandwidth  saturates  at  high  values  of  p 
since  the  crosstalk  in  these  cases  becomes  dominated 
by  parasitics  associated  with  the  power  supply  lines. 
For  Cu  ~  10  fF  in  the  optically  powered  case,  the 
bandwidth  increases  rapidly  because  the  total  cros¬ 
stalk  as  a  function  of  frequency  begins  to  saturate  at  a 
value  less  than  <—17  dB.  Thus,  for  the  given  BER, 
the  bandwidth  is  no  longer  crosstalk  limited. 

In  both  schemes,  the  maximum  bandwidth  is  ap¬ 
proximately  inversely  proportional  to  /?£,.  Thus,  it 
would  seem  best  to  use  a  low  value  of  /?{,  to  minimize 
crosstalk.  However,  we  show  in  the  next  section  that 
this  indirectly  leads  to  a  higher  pixel  power  dissipation 
(since  more  gain  is  required  from  the  amplifier  as  Re 
decreases)  and  hence  a  smaller  packing  density.  Fur¬ 
thermore,  increasing  Rl  lowers  the  bandwidth  of  the 
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Fig.  7.  (a)  Crosstalk-limited  bandwidth  of  a  conventionally 
powered  optoelectronic  array  as  a  function  of  crosstalk  coupling 
capacitance  and  load  resistance.  Packing  density  p  is  also  shown, 
(b)  Crosstalk-limited  bandwidth  of  an  optically  powered  optoelec¬ 
tronic  system  as  a  function  of  crosstalk  coupling  capacitance  and 
load  resistance. 


circuit.  Hence,  the  optimum  value  of  Rl  is  deter¬ 
mined  from  a  trade-off  between  crosstalk  and  band¬ 
width  (tending  to  decrease  Rl)  and  power  dissipation 
(leading  to  an  increase  in  Rl). 
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iV.  Prebiased  Laser  Configuration 

Consider  the  circuit  for  a  prebiased  pixel  shown  in 
Fig.  4(a).  The  photocurrent  of  the  detector  is  given  by 

ip  =  (qt]i)/hv)P,„c,  (4) 

where  Pi„c  is  the  incident  optical  signal  power,  q  is  the 
electronic  charge,  vo  is  the  detector  quantum  efficien¬ 
cy,  h  is  Planck’s  constant,  and  v  is  the  light  frequency. 
The  differential  transistor  pair,  T \  and  T-z,  is  biased  by 
the  current  source  whose  current  is  set  to  2/th,  where  /,h 
is  the  threshold  current  of  laser  diode  L.  The  output 
current  takes  the  laser  beyond  threshold,  producing 
the  required  signal  power.  The  analysis  of  the  scheme 
begins  by  assuming  that  the  incident  signal  power  is 
greater  than  the  receiver  sensitivity.  Then,  the  incre¬ 
mental  input  voltage  (VJ  to  the  differential  pair  is 
calculated  by  including  all  the  parasitic  and  loading 
effects.  Defining  gm  as  the  small  signal  ac  transcon¬ 
ductance  of  the  transistors  in  the  differential  pair,  the 
output  incremental  current  is  given  by 

in’g„VJ2.  (5) 

If  we  define  the  conversion  efficiency  of  the  laser  as  Vc, 
the  power  incident  on  a  pixel  in  the  next  array  stage  is 

Px  -  ncVcgmVJIF,  (6) 

where  tjc  is  the  interconnection  optics  efficiency. 
Here,  a  fanout  of  F  corresponds  to  an  equal  distribu¬ 
tion  of  the  output  power  of  the  laser  to  F  subsequent 
pixels.  To  ensure  complete  regeneration  of  the  signal 
at  each  interconnection  stage,  we  require  Pv  ^  Pine- 
Thus, 

g„>2{F/„MP.rJV,V,).  (7) 

Now,  Vj/Pinc  is  the  transfer  impedance  Z{f)  of  the 
photodiode-load  resistor  combination.  Given  V/  = 
hv/qnD,  then 

g„  >  2{F/vc)iVf/V,)[i/zi/^],  (8) 

For  a  wavelength  of  1.35  tun,  a  detector  quantum  effi¬ 
ciency  of  90%,  and  a  laser  conversion  efficiency  of  0.5 
W/A,  then  Vf/V^  ~  2.  Thus,  we  require  gm  to  be  at 
least  ^IZ(f).  Further,  since  Z(f)  (which  is  a  function  of 
Rl)  has  a  low  pass  behavior,  the  required  transistor 
transconductance  [£q.  (8)]  increases  with  frequency. 
Figure  8  shows  the  minimum  required  transconduc¬ 
tance  as  a  function  of  the  effective  fanout,  Peff  “  P/»?c, 
for  Cp  =  0.5  pF,  and  Rl  =  I  kQ  and  200  (other 
parameters  used  in  the  calculation  are  given  in  Table 
I).  Typically,  values  for  Vc  for  InGaAsP/InP -based 
lasers  are  <0.4  W/A  per  facet.^^  and  0.5  W/A  for  GaAs/ 
GaAlAs-based  lasers.^^  From  these  results  we  con¬ 
clude  that  receiver  transconductances  of  at  least  4  mS 
are  needed  to  obtain  Petr  ^  1,  assuming  Rl  -  I  kil. 
Note  that,  for  Pt  “  200  Q,  nearly  five  times  higher  gm  is 
required  to  achieve  the  same  Pen-  Thus,  although  the 
maximum  bandwidth  achieved  is  higher  for  lower  val¬ 
ues  of  Rl,  the  requirement  for  higher  gm  implies  a 
concomitant  increase  in  both  pixel  size  and  power  dis¬ 
sipation — both  factors  leading  to  a  lower  ultimate 
packing  density  p. 
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Fig.  S.  Minimum  transconductance  required  of  each  transistor  in 
the  prebiased  laser  scheme  [Fig.  4(a)|  as  a  function  of  the  effective 
output  fanout  and  load  resistance  Rl-  The  conversion  efficiency  of 
Vc  «  0.5  V  corresponds  to  reported  high  values  in  InGaAsP  lasers.' 


The  usefulness  of  the  interconnection  array  is  decid¬ 
ed  by  its  total  bandwidth,  defined  as  the  bandwidth  of 
each  pixel  multiplied  by  the  total  number  of  such 
pixels.  For  a  given  chip  area,  this  is  accomplished  by 
maximizing  the  pixel  packing  density  p.  Here,  we 
estimate  typical  packing  densities  based  on  limitations 
placed  on  pixel  size  by  both  device  and  photovoltaic 
cell  dimensions. 

One  of  the  factors  limiting  the  pixel  packing  density 
is  the  amount  of  thermsd  power  that  the  cooling  system 
of  the  chip  can  remove.  If  the  maximum  ared  power 
dissipation  allowed  on  the  chip  is  ap,  maximum  pack¬ 
ing  density  p  is  given  by  a  p/Pd-  Here,  Pd  is  the  total 
power  dissipated  by  each  pixel  and  is  the  sum  of  the 
power  dissipated  by  the  amplifier,  the  laser,  the  detec¬ 
tor,  and  the  photovoltaic  cells.  For  the  small  signal 
applications  considered,  the  detector  power  dissipa¬ 
tion  can  be  neglected.  The  power  dissipated  by  a 
transistor  operating  in  small  signal  conditions  is  relat¬ 
ed  to  its  dc  transconductance  by  parameter  {  via  Pd  * 
{gm.*®  In  Appendix  B  we  show  that  for  a  field-effect 
transistor  (FET)  f  »  1/2  VpVo,  and  for  a  bipolar  tran¬ 
sistor  ^  »  VtVce-  Here,  Vp  and  Vos  are  the  FET  pinch 
off  and  drain  source  quiescent  voltages,  respectively. 
Also,  Vt  *  kT/q  (where  k  is  the  Boltzmann  constant 
and  T  is  the  ambient  temperature),  and  Vce  is  the 
output  quiescent  voltage  of  the  bipolar  transistor. 
Typically  Vp  »  1  V,“  while  at  room  temperature,  Vt  “ 
25  mV.  Thus,  for  the  same  output  voltages  Vos  and 
Vce,  the  dissipation  of  a  bipolar  transistor  is  much  less 
them  that  of  a  FET  for  the  same  transconductance. 

Let  the  power  dissipated  by  the  bias  circuit  be  P(, 
and  that  of  the  laser  be  Pc-  ITien, 

Pd  -  2(g„  ■hPt-h  Pu,  (9) 

where  the  factor  of  2  is  due  to  the  differential  pair. 
This  p>ower  is  supplied  by  the  optical  beam  incident  on 
the  photovoltaic  cell.  If  the  cell  has  a  conversion  effi¬ 
ciency  of  r)„  the  total  power  input  to  the  pixel  must  be 


Fig.  9.  (a)  Maximum  transconductance  allowed  for  each  field  effect 
transistor  in  the  differential  pair  of  Fig.  4(a).  Calculations  for 
photovoltaic  cell  efficiencies  ofO.6  and  0.7  areshown.  (b)  Maximum 
transconductance  allowed  for  each  bipolar  transistor  in  the  differen¬ 
tial  pair  of  Fig.  4(a)  baaed  on  a  power  dissipation  density  of  1  W/cm.- 


Pd/ns-  Since  the  input  and  output  optical  signal  pow¬ 
ers  are  negligible  compared  with  the  circuit  dissipa¬ 
tion,  most  of  the  input  power  can  be  assumed  to  be 
dissipated  as  heat.  Thus,  the  maximum  pixel  packing 
density  allowed  is  <ap-n,IPd-  Along  with  Eq.  (9),  this 
sets  an  upper  limit  on  the  dc  transconductance  of  each 
transistor  in  the  differential  pair  of 

gn,  £  KopnJp  -Pd-  PlVH-  (10) 

As  before,  we  assume  <Tp<l  W/cm*.  Junction  FETs 
(JFETs)  made  from  Ino.53Gao.47As  with  a  gate  length  of 
1  ^m  have  {  “  2.5  W/S,^  while  similar  InP  and  GaAs 
JFETs  have  {  *  3  W/S.  The  power  dissipated  by  the 
laser  diode  is  approximately  given  by  VJfip,  where  V/. 
is  the  forward  voltage  across  the  laser.  Laser  diodes 
fabricated  using  InGaAsP-based  materials  show  a  sub¬ 
stantially  greater  dissipation  than  GaAs-based  lasers 
due  to  the  presence  of  nonradiative  Auger  carrier  re¬ 
combination  and  other  effects.-'  *®  However,  as  far  as 
the  power  dissipation  density  is  concerned,  this  is  of 
importance  only  when  the  optical  power  output  of  the 
laser  is  of  the  same  order  as  its  power  dissipation.  F or 
our  calculations  we  assume  V^.  «  1  V  which  is  consis¬ 
tent  with  reported  values  for  InGaAsP  lasers.®-®®  In 
Fig.  9(a),  the  maximum  gm  allowed  according  to  Eq. 
( 10)  is  plotted  vs  the  pixel  packing  density  for  the  cases 
of  Ino.53Gao.47As,  GaAs,  and  InP  FETs.®  Figure  9(b) 
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shows  the  same  calculation  for  bipolar  transistors,  us¬ 
ing  our  estimation  for  ^  in  Appendix  B. 

The  curves  in  Figs.  8  and  9  provide  a  method  for 
determining  the  trade-offs  between  power  dissipation 
and  fanout.  For  example,  for  Feif  =  1,  the  correspond¬ 
ing  minimum  gm  for  a  system  operating  at  a  frequency 
of  1  GHz  using  a  laser  with  a  slope  efficiency  of  V,-  =  0.5 
W/A  and  a  photodiode  bias  resistance  of  1  kl2  is  4  mS, 
from  Fig.  8.  Transferring  this  value  to  the  power 
constraint  of  Fig.  9(a)  (and  assuming  that  the  dc  and  ac 
transconductances  are  the  same  as  1  GHz),  the  maxi¬ 
mum  pixel  packing  density  allowed  using 
Ino.53Gao.47As  FETs  is  27  cm~-  with  =  0.7.  The 
curves  can  also  indicate  when  a  design  is  not  feasible — 
i.e.,  when  the  minimum  gm  dictated  by  the  Feff  needed 
in  a  system  is  higher  than  the  maximum  gm  allowed 
from  a  power  dissipation  standpoint. 

Comparing  Figs.  9(a)  and  (b),  we  see  that  bipolar 
devices  give  much  higher  pixel  packing  densities  than 
FETs.  For  the  same  minimum  required  value  of  gm  = 
4  mS,  a  bipolar  transistor  circuit  gives  a  packing  densi¬ 
ty  of  130  cm~- — a  value  approximately  five  times  high¬ 
er  than  that  achieved  using  FET  circuits.  Thus,  bipo¬ 
lar  tremsistors  are  clearly  superior  for  small  signal 
applications.  Also,  Ino.53Gao.47As-based  FETs  show  a 
20%  lower  power  dissipation  compared  with  InP-  and 
GaAs-based  ones. 


V.  Unprebiaaad  Laser  Configuration 

In  the  unprebiased  laser  case  [Fig.  4(b)],  the  lower 
limit  on  the  signal  power  is  determined  by  liie  turn  on 
condition  for  the  transistors  used.  In  modeling  the 
circuit,  the  photodiode  was  represented  as  an  ideal 
current  source,  and  the  laser  diode  was  assumed  to 
have  a  piecewise  linear  transfer  characteristic,  while  its 
modulation  characteristics  were  ignored.^  ‘ 

If  the  input  optical  signed  power  is  sufHcient  to  turn 
the  transistor  on,  the  minimum  current  gain  of  the 
transistor  must  ensure  that  the  laser  will  go  beyond 
threshold.  For  a  given  Pi„c,  this  nonlinear  current  gain 
is  /thV'c/Pinc-  Further,  for  an  effective  fanout  of  Feff. 
the  minimum  current  gain  K  required  is  therefore 

K  >  ( (11) 

To  evaluate  the  power  dissipated  per  pixel,  we  let 
the  supply  voltage  be  Vg.  Then,  the  mean  input  elec¬ 
trical  power  to  the  pixel  is 

P.  -  VsK.p/2  (12) 

for  a  duty  cycle  of  50%,  which  is  typical  for  many  digital 
and  analog  systems.  The  mean  output  power  is  thus 

Po  -  V,(/fip  -  /u,)/2.  (13) 

The  net  power  dissipated  by  the  transistor  and  the 
laser  diode  is  the  difference  between  Eqs.  (12)  and  (13). 
Adding  the  power  dissipated  in  the  detector  (Pdet)  to 
this  difference,  we  find  the  total  power  dissipated  in 
the  pixel  to  be 

P4  -  V»Kip/2  -  VAKip  -  /.h)/2  +  Pd«.  (14) 


Fig.  10.  (a)  Minimum  value  of  the  nonlinear  current  gain  required 
of  the  transiator  in  the  unprebiased  laser  circuit  as  a  function  of  the 
effective  fanout  (b)  Maximum  value  of  the  transistor  current  gain 
in  the  unprebiased  circuit  as  a  function  of  pixel  packing  density. 


We  assume  that  all  the  incident  optical  signal  power  is 
dissipated  in  the  detector  stage,  i.e.,  Fdei  ®  Fine-  The 
dissipation  of  power  by  the  photovoltaic  cell  can  be 
accounted  for,  as  before  (Sec.  IV),  by  dividing  the 
right-hand  side  of  Eq.  (14)  by  t;,,  the  cell  conversion 
efficiency.  Hence,  we  get 

K  <  12 V//(  V„  -  VA](.a^n./p  -  Pne  -  V,/,h/2)/P„c.  (15) 

The  results  of  these  calculations  are  shown  in  Figs. 
10(a)  and  (b),  taking/?/.  ”  1  The  curves  are  similar 

to  Figs.  8  and  9  and  can  be  used  in  the  same  way  to 
determine  the  trade-offs  between  fanout  and  pixel 
packing  density.  For  example,  let  the  best  available 
laser  have  »  0.5  W/A,  and  /u,  *  1  mA.^^  ’'*  Also,  let 
the  optical  signal  power  be  0.25  mW  and  Feff  *  1. 
Then  from  Fig.  10(a),  the  minimum  required  value  of 
K  is  6,  according  to  Eq.  (11).  Transferring  this  to  Fig. 
10(b),  the  maxmum  allowed  pixel  packing  density  for 
n,  *  0.7  is  330  cm.~^  This  packing  density  is  greater 
than  that  of  the  prebiased  bipolar  circuit  case  by  more 
than  a  factor  of  2,  which  is  expected  because  of  the 
absence  of  quiescent  dissipation  in  the  unprebiased 
architecture.  The  unprebiased  scheme  is  alro  simpler 
to  fabricate  than  the  prebiased  circuit,  and  is  more 
tolerant  to  laser  diode  threshold  current  variation 
since  the  signal  can  compensate  for  the  increased  re- 
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Tab<«  II.  Pafformanc*  Comparlion  Balwaan  Syatam  Archltacturaa 


Performance 

parameter 

Optically  powered 
and  controlled 
optoelectronics 

Conventional 

optoelectronics 

All-optical 

Crosstalk 

Low 

High 

Low 

Crosstalk  source 

Capacitive 

Capacitive  +  inductive 

Optical  -I-  diffusion 

Bandwidth  (GHz) 

1-10  GHz 

<lGHz 

>10 

Reconfig.  time 

1  ns 

1  ns 

100  ns 

On/off  contrast  ratio 

1000:1 

1000:1 

10:1 

Gain/stage 

1-100 

1-100 

<1 

Fanout 

<10 

<10 

1 

Functionality 

High 

High 

Low 

Complexity 

High 

High 

Moderate 

Pixel  size  (^m) 

>500 

>1000 

5 

Maximum  packing  density  (cm~ -) 

300 

80 

>10,000(?) 

quired  output  current  swing  resulting  from  an  increase 
in  temperature. 

VI.  Unriting  Factors  on  Pixel  Packing  Density 

We  now  consider  an  example  design  estimation  to 
identify  the  factors  that  physically  limit  the  pixel 
packing  density.  Let  the  material  used  be 
Ino.63Gao.47As,  and  the  required  effective  fanout  be  Fta 
»  1.  From  Sec.  IV,  the  maximum  allowed  pixel  pack¬ 
ing  density  is  ^15  pixels/cm^  for  FET-based  prebiased 
circuits.  For  a  1-cm*  square  chip,  each  pixel  would 
therefore  have  a  minimum  linear  dimension  of  0.2  cm. 
The  maximum  value  of  gm  for  a  l-^m  gate  length 
Ino.33Gao.47As  JFET  useful  for  receiver  applications  is 
250  mS/mm.^^  Since  the  required  gm  from  Fig.  3(a)  is 
4  mS,  the  required  gate  width  is  ~16  Min.  Similar  InP 
JFETs  have  a  maximum  gm  *  340  mS/mm,^^  leading  to 
a  required  gate  width  of  '^12  Mm.  Thus,  the  gate  width 
does  not  limit  the  pixel  packing  density. 

We  could  similarly  consider  a  bipolar  structure 
which  from  Fig.  10(b)  allows  a  maximum  packing  den¬ 
sity  of  330  pixels/cm^  implying  a  minimum  pixel  side 
dimension  of  550  Mm.  The  diameter  of  a  typical  het¬ 
erostructure  bipolar  transistor  is  25  Mm.^^  Therefore, 
transistor  size  is  also  not  found  to  be  a  limiting  factor  in 
determining  the  pixel  packing  density. 

Another  limiting  factor  to  pixel  size  is  set  by  the 
dimensions  of  the  photovoltaic  cell.  This  is  deter¬ 
mined  by  the  maximum  electrical  power  it  can  deliver 
without  burning  out.  A  conservative  estimate  of  this 
maximum  power  density  is  <Tp.  In  this  worst  case,  the 
cell  dimensions  are  identical  to  those  of  the  pixel. 
This  does  not  imply  that  there  is  no  area  left  over  for 
other  electrical  elements  on  the  pixel  besides  the  cell 
The  geometry  of  a  pixel  can  be  arranged  to  have  the 
photovoltaic  cell  on  the  side  of  the  chip  facing  the 
optical  inputs,  while  the  rest  of  the  elements,  including 
the  laser,  can  be  placed  on  the  opposite  side  of  the  chip 
where  they  face  the  input  stages  of  the  pixels  in  the 
next  array.  The  suitability  of  using  InP  substrates  as 
wavelength  demultiplexers  in  this  regard  has  been  dis¬ 
cussed  previously.^  Here,  the  photovoltaic  cell  is 
made  on  the  InP  substrate.  On  the  opposite  side  of 
the  chip  are  the  other  elements  of  the  pixel,  which  are 
fabricated  using  the  smaller  bandgap  Ino.53Gao.47As. 


The  demultiplexing  of  power  and  signal  beams  is  based 
on  InP  having  a  bandgap  energy  of  1.35  eV  (corre¬ 
sponding  to  a  cutoff  wavelength  of  0.9  Mm)  while 
Ino.53Gao.47A3  has  a  bandgap  of  0.75  eV  (corresponding 
to  a  cutoff  wavelength  of  1.65  Mm).  In  this  case,  power 
is  incident  on  the  pixel  at  a  wavelength  of  0.8  Mm  (from 
a  GaAs  high  power  laser  array^'*),  and  the  signal  is  at  a 
wavelength  of  1.3  nm.  The  signal  beam  will  pass 
through  the  InP  photovoltaic  ceil,  while  the  power 
beeun  is  absorbed  by  the  cell  and  is  subsequently  con¬ 
verted  into  electricid  power.  Since  the  wavelength  of 
the  signal  is  >0.95  Mm  (the  band  edge  cutoff  of  InP),  it 
wiU  finally  be  absorbed  by  the  detector  fabricated  in 
Ino.53Ga  o.47As  Substituting  Eq.  (10)  into  the  expres¬ 
sion  for  the  pixel  linear  dimension  d  =  the  size 

of  a  pixel  in  the  optically  powered  case  increases  by  a 
factor  of  l/(nj)*^*.  For  n,  =  0.7,  this  corresponds  only 
to  a  20%  increase  in  the  linear  dimension  of  a  pixel. 

VK.  Summary  and  Conclusions 

In  Table  II  we  present  a  performance  comparison 
between  system  architectures  based  on  optically 
powered  and  controlled  optoelectronic  systems,  con¬ 
ventional  optoelectronic  systems,  and  all-optical 
schemes.  The  main  advantages  offered  by  the  optoe¬ 
lectronic  system  over  all-optical  architectures  current¬ 
ly  under  study  are  signal  gain,  optical  control,  and 
output  fanout. 

All-optical  systems  show  much  lower  crosstalk  than 
conventional  optoelectronics  (typically  less  than  —15 
dB)  because  of  the  absence  of  electrical  coupling  be¬ 
tween  pixels.  By  using  optical  powering,  we  have 
shown  that  the  electrical  crosstalk  in  optoelectronic 
systems  can  be  drastically  reduced;  this  leads  to  im¬ 
provements  in  bandwidth  by  more  than  a  factor  of  10 
when  compared  to  conventionally  powered  schemes. 
In  addition,  the  reduction  of  circuit  parasitics  im¬ 
proves  the  frequency  performance  of  the  detector,  as 
well  as  the  reconfiguration  time  of  the  control  system. 
We  have  also  shown  that  the  size  of  the  photovoltaic 
cell  does  not  limit  the  pixel  packing  desnity,  especially 
if  we  use  InP-based  structures  with  natural  wave¬ 
length  demultiplexing  by  substrate  absorption. 

It  is  shown  in  Table  II  that  there  is  a  large  difference 
in  pixel  packing  densities  between  optoelectronic  and 
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all -optical  systems.  It  has  been  suggested'*'^  that  the 
packing  density  in  all-optical  free  space  interconnec¬ 
tion  systems  is  limited  only  by  the  resolvable  spot  size 
of  the  beam,  and  that  this  leads  to  optical  interconnect 
densities  up  to  50,000/mm-.  Against  this,  optoelec¬ 
tronic  systems  offer  packing  densities  <1000  cm“-. 
This  marked  disparity  is  balanced  by  the  advantages 
offered  by  the  latter  approach  over  the  former;  broad¬ 
cast  capability  of  the  pixels  with  signal  gain  and  fan¬ 
out,  digital  as  well  as  analog  processing,  and  dynamic 
reconfiguration  of  the  interconnect.  One  question 
typically  unanswered  in  all-optical  schemes  is  the 
source  of  light  for  the  data  signals.  The  input  signal 
power  in  an  all-optical  system  must  be  high  enough  to 
overcome  attenuation  at  an  interconnect  stage.  Even 
in  applications  such  as  telephony,  the  signal  received 
from  the  subscriber  must  be  amplified  so  as  to  efH- 
ciently  pass  through  the  interconnection  stages. 
Thus,  a  high  density  laser  array  is  needed  near  the 
pixel  array  input.  Optical  amplifiers  have  been  pro¬ 
posed  for  this  purpose,  but  thus  far  they  have  proved  to 
be  dissipative  for  monolithic  applications.*®  They 
also  show  signiHcant  insertion  losses  and  their  require¬ 
ment  of  wavelength  matching  demands  controlled  am¬ 
bients,^'  all  of  which  are  not  suitable  for  large  scale 
integration. 

Within  the  framework  of  the  optically  powered  op¬ 
toelectronic  scheme,  the  power  dissipation  perfor¬ 
mance  of  the  unprebiased  circuit  is  better  than  that  of 
the  prebiased  one  by  a  factor  of  2.  In  the  prebiased 
structure,  bipolar  transistors  dissipate  far  less  than 
FETs  for  the  same  value  of  transconductance.  Fur¬ 
thermore,  Ino.53Gao.47As-ba8ed  FETs  show  a  20% 
smaller  power  dissipation  performance  than  InP  or 
GaAs  FETs.  We  have  also  shown  that  the  higher 
transconductance  of  InP  and  GaAs  FETs  is  not  impor¬ 
tant  in  determining  the  pixel  size. 

On  the  transmitter  side,  InGaAsP-based  lasers  show 
greater  losses  than  GaAs-based  ones  for  a  variety  of 
reasons.  They  also  show  a  greater  temperature  depen¬ 
dence  of  threshold  current  compared  with  GaAs  lasers, 
with  a  To  of  ~100  compared  with  200  K  for  GaAs. 
This  has  different  implications  for  both  the  prebiased 
and  unprebiased  structures.  With  regard  to  power 
dissipation,  the  prebiased  laser  circuit  is  unaffected  by 
nonradiative  Auger  recombination  effects  because  the 
output  current  swing,  and  hence  the  optical  power 
output,  is  small.  More  importantly,  the  variation  of 
threshold  current  by  even  a  fraction  of  the  total  output 
swing  can  seriously  degrade  the  performance  of  the 
S3rstem,  thus  requiring  effective  feedback  compensa¬ 
tion.  In  the  unprebiased  configuration,  the  threshold 
current  variation  with  temperature  is  not  as  serious  a 
problem  as  it  is  in  the  prebiased  case,  obviating  the 
need  for  a  feedback  stabilized  bias. 

In  conclusion,  the  optically  powered  and  controlled 
unprebiased  system  fabricated  using  bipolar,  wave¬ 
length  demultiplexing  Ino.53Gao.47As/InP  structures 
offers  a  powerful  means  for  implementing  high  fre¬ 
quency,  high  density  (low  dissipation)  optical  comput¬ 
ing.  and  interconnection  architectures.  The  improve- 
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Fig.  11.  Coupling  capacitance  per  unit  length  calculated  as  a  func¬ 
tion  of  line  spacing. 

ment  of  the  laser  slope  efficiency,  receiver  frequency 
performance,  and  chip  heat  removal  can  significantly 
improve  the  overadl  system  performance. 

AppencHx  A.  Estimatkm  of  the  Coupling  Capacitance 
Matrix 

In  their  analysis  of  PIN  photodiode  arrays,  Kaplan 
and  Forrest^®  have  shown  that  the  dominant  term  in 
the  coupling  capacitance  between  adjacent  array  ele¬ 
ments  is  a  result  of  the  fanout  lines  in  each  pixel.  To 
calculate  this  effect  in  our  case,  we  use  a  simple  two- 
wire  capacitance  formula'*®  where  two  infinite,  flat 
strips  occupy  the  regions  a<x  <b  and  —a>x>—bm 
thez  =  0  plane.  If  the  lines  terminate  on  nodes  i  and  j 
of  adjacent  pixels,  respectively,  the  coupling  capaci¬ 
tance  per  unit  length  is  given  by 


C;-crffK(m)/K(n).  (Al) 


where  fgff  is  the  effective  permittivity  of  the  flux  link¬ 
age  paths  in  both  the  semiconductor  and  air,  K  is  the 
complete  elliptic  integral  of  the  first  kind,  with  n  being 
defined  as  a/6,  and  m  =  (1  -  We  also  assume 

that  €eff  *  (1  +  <r)/2  where  tr  is  the  relative  permittivity 
of  the  semiconductor  material.-'*  The  average  separa¬ 
tion  between  the  lines  is  d/2  (where  d  is  the  linear 
dimension  of  a  pixel)  while  their  width  is  taken  to  be  w 
(see  inset  in  Fig.  11).  Then  a  =  1/(1  -F  4  w/d).  Be¬ 
cause  of  the  elliptic  integrals,  C'j  has  a  weak  depen¬ 
dence  on  both  W  and  d,  rising  to  higher  values  only  for 
values  that  are  comparable  to  W,  as  shown  in  Fig.  11. 
For  long  lines,  i.e.  lines  whose  lengths  are  much  greater 
than  their  widths,  the  capacitance  for  a  coupling 
length  1  is  given  by  C’jl. 

We  further  assume  that  the  off-diagonal  terms  of 
matrix  C  are  one-half  of  the  diagonal  terms.  This 
takes  into  account  the  reduced  coupling  between  off- 
diagonal  nodes  and  also  prevents  the  capacitance  ma¬ 
trix  from  becoming  singular,  which  would  then  leave 
the  inductance  matrix  undefined. 
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Appendix  B:  Estimation  of  ^ 

By  definition, 

?  =  V'i,,Ji)s/la/|)s/3V'.-s|lQ,  (Bll 

where  Q  refers  to  the  quiescent  operating  point.  Here 
Vds  is  the  drain  source  voltage,  I  os  is  the  drain  satura¬ 
tion  current,  and  Vgs  is  the  gate-source  voltage.  For  a 
FET,  the  saturation  region  equation  is 

/ds*/d,ss(1  -  Vcs/Vp)-,  (B2) 

where  loss  is  the  drain  saturation  current  for  zero  gate 
bias.  Thus,  using  Eq.  (Bl),  {  =  l/2VpVDs-  For  a 
bipolar  device,  the  active  region  equation  is 

/c  •  fc.  (exp(Qt'BE/V'T)  -  U,  (B3) 

where  /c  and  Ico  are  the  collector  current  and  collector 
saturation  current,  respectively,  and  Vbe  is  the  base 
emitter  voltage.  Thus,  {  =  VtVce- 
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ABSTRACT 

The  effects  of  insetting  a  thin,  low  doped  InP 
layer  into  the  emitter  of  an  N-InP/p+- 
Ino  53Gao.47As/n-Ino.53Gao.47As  heterojunedon 
phototransistor  have  been  investigated  by  both 
numerical  simuladon  and  experiments.  This  High- 
Low  Emitter  structure  can  improve  both  sensinvity 
and  bandwidth  over  convendonal  structures  at  low 
input  optical  power  by  decreasing  the  bulk 
recombination  current  at  the  heterointerface. 
Experimental  results  show  that  the  photocurrent  gain 
is  independent  of  the  incident  power  at  high  input 
powers.  At  low  input  power,  the  gain  is  found  to 
have  a  small  power  dependence,  with  an  ideality 
factor  of  1.23.  A  current  gain  as  high  as  260  is 
obtained  at  an  input  power  of  only  40  nW. 


INTRODUCTION 

In  optical  fiber  communications,  the  optical 
signal  diminishes  with  distance,  and  the  sensitivity  of 
a  photoreceiver  drops  at  high  frequency.  In  order  to 
allow  for  large  repeater  separation  and  high 
barxlwidth  op^ation,  photoreceivers  require  high 
gain  at  low  optical  power.  Recently,  heterojunction 
phototransistors  (HPTs)  have  been  extensively 
smdied  [1-3]  as  alternatives  to  p-i-n  detectors  and 
avalanche  photodiodes  for  use  in  photoreceivers.  It 
is  well  known  [1],  however,  that  the  photocurrent 
gain  (M)  of  a  typical  heterojunction  phototransistor 
(HPT)  drops  draratically  at  low  input  optical  power, 
thereby  linuting  the  sensitivity  of  the  device.  This 
behavior  is  attributed  to  different  sources  of 
recombination  currents  at  the  emitter/base 
heterojunction  (HJ),  especially  interface  and  surface 
recombination.  The  supression  of  these 
recombination  sources,  therefore,  are  key  to  the 
improvement  of  the  sensitivity  of  HPTs. 

As  proposed  by  Kroemer  [4],  the  bulk 
recombination  current  at  the  emitter/base  (E/B) 
junction  can  be  reduced  by  placing  a  high  density  of 
acceptor  impurities  at  the  heterointerface.  This 
implies  that,  for  a  material  with  a  low  surface 
recombination  velocity  (such  as 
lnP/Ino.53Gao.47As  [5]),  we  can  improve  the 
sensitivity  fit  HPTs  by  growing  emitter  layers  with 
high-low  doping  profiles.  The  structure  is  called  a 
High-Low  Emitter  (HILOE)  HPT.  and  its  cross 


section  is  shown  in  the  inset  of  Fig.  1. 

The  HILOE  structure  is  similar  in  some 
respects  to  the  high-low  emitter,  low-high  base 
phototransistors  proposed  by  Chen  et  al.  [6]. 
However,  the  sensitivity  of  those  HPTs  is  not 
expected  to  show  improvement  over  a  conventional 
structure  since  the  low-high  base  increases  the 
recombination  current  at  the  HJ  [7].  Furthermore, 
they  fabricated  this  structure  using  GaAs/AlGaAs 
HPTs,  where  the  surface  recombination  current  in 
the  extrinsic  base  region  is  believed  to  be  the  main 
source  of  recombination  (8). 

Here,  both  device  modeling  and  experimental 
results  for  the  HILOE-HPT  ate  presented. 

DEVICE  MODELING 

We  have  simulated  the  transistor  operation 
based  on  the  drift-diffusion  model  [9].  In  Fig.  1, 
we  present  the  values  of  gain  (M)  calculated  for  both 
HILOE  (solid  line)  and  conventional  (dashed  line) 
HPTs.  Here,  the  doping  concentrations  of  eminer, 
base  and  collector  are  4x10^^  cm'3,  IxlO^^  cm*3 
and  3x10^^  cm*^;  and  the  layer  thickness  are  2  pm, 
0.2  pm  and  2  pm,  respectively.  The  HILOE-HPT 
consists  of  an  additional  N'  InP  layer  (of  thickness 
d)  insened  into  the  emitter  of  a  conventional  device. 
For  this  calculation,  we  take  d=S00  A  and  a  doping 
concentration  (Nd2)  of  1x10*^  cm‘3  for  the  N‘  InP 
layer. 


Fig.l:  Calculated  HILOE  (solid  line)  and 
conventional  (dashed  line)  H^  gains.  Inset; 
Schematic  cross  section  view  of  HHjOE-HPT. 
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As  shown  in  the  figure,  the  gain  of  the 
HILOE-HPT  is  only  weakly  dependent  on  the 
collector  current  (Ic)  with  n>1.02  -  an  indication  of 
diffusion  current-dominated  transport.  On  the  other 
hand,  the  gain  of  the  conventional  HPT  strongly 
depends  on  the  collector  current,  with  nsl.8. 
Hence,  the  HILOE  structure  can  significantly  reduce 
the  recombination  current  and,  in  turn,  enhance  the 
gain  at  low  input  optical  powers  (i.e.  low  Ic). 

The  effect  of  layer  thickness  (d)  and  doping 
concentration  (Nd2)  of  the  low-doped  cmincr  layer 
on  hetero] unction  ideality  faaor  (n)  is  shown  in  Hg. 
2.  Observe  that  n  approaches  unity  by  either 
increasing  d  or  decreasing  Np2  of  the  thin  emitter 
layer.  This  implies  that  the  recombination  current 
can  be  efficiently  reduced  by  growing  a  thick 
undoped  layer  into  the  emitter.  In  this  case, 
however,  large  emitter  series  resistance  degrades 
the  frequency  response  of  the  HPT.  Hence,  the 
optimum  design  of  layer  thickness  and  doping 
concentration  of  the  thin  emitter  layer  is  essential  to 
obtain  a  combination  of  high  sensitivity  and 
bandwidth. 


concentration  (ND2)  of  the  low-doped  emitter. 

The  HILOE  structure  can  reduce  the  E/B 
junction  capacitance  (Ce).  and  thus  increase  the 
bandwidth  of  the  HPT.  Furthermore,  it  improves 
the  photocurrent  gain  at  low  input  optical  power. 
Hence,  the  gain-bandwidth  product  (or  cutoff 
frequency)  of  HILOE-HPTs,  fT,  is  expected  to 
show  improvement  over  conventional  HPTs. 

In  Fig.  3,  ff  is  calculated  for  different  input 
optical  powers  (Pi)  for  both  conventional  and 
HILOE  HPTs.  As  shown  in  the  figure,  ff  of  the 
conventional  HPT  with  an  emitter  doping 
concentration  of  cm'^  (curve  1)  is 

small  at  low  Pi,  where  the  dynamic  emitter 
resistance  (inversely  prop^onal  to  the  product 
MPi)  is  large,  and  thus  limits  the  eminer  char^g 
time.  As  Pi  increases,  the  dvnamic  emitter 
resistance  deaeases,  and  thus  ff  becomes  larger. 
Finally,  ft  saturaies  at  the  power  level  where  the 
total  transit  time  across  the  FOT  is  domittated  by  the 
base  and  collector  transit  times.  The  response  of  a 
second  conventional  HPT  with  Nd«1x10*^  cm’^ 
(curve  2)  is  also  shown.  In  this  case,  the  enhanced 
photociment  gain  at  low  input  optical  power  and  the 
nisw  value  of  Ce  improves  fT-  On  tte  other  hand, 
the  large  aeries  resistance  of  this  low-doped  emitter 


layer  limits  the  emitter  charging  time,  and  fj  drops 
to  0.44  GHz  at  high  Pi. 


Fig.  3;  Calculated  gain-bandwidth  products  (ff)  at 
different  input  optical  powers  (Pi)  for  both 
conventional  and  HILOE-FD’Ts. 


The  gain- bandwidth  produa  of  three  HILOE- 
HPTs  with  Nd2“2x10^^  cm' 3,  d=0.1  nm  (curve 
3);  Nd2=1*10*^  cm'3,  d=0.1  )im  (curve  4),  and 
ND2*1x10*®  cm'3,  d=l  )im  (curve  5)  are  also 
shown  in  the  figure.  Note  that  by  increasing  the 
layer  thickness  or  decreasing  the  doping 
concentration  of  the  low-doped  emitter  layer,  the 
photocunent  gain  and  thus  ff  is  greatly  improved  at 
low  input  optical  power.  For  curve  3  and  4,  the 
eminer  series  resistance  is  small  and  fT  at  high  input 
power  is  not  degraded.  (3n  the  other  hand,  the  drop 
of  maximum  ff  is  clearly  observed  for  curve  5. 

EXPERIMENTAL  RESULTS 

The  phototransistor  was  grown  on  (1(X)) 
semi-insulating  InP  by  LPE.  For  the  HILOE-HPT 

(Wafer  #1),  2  )im  Sn-doped  (2x10^^  cm'^)  InP 
followed  by  0.1  |xm  Sn-doped  (2x10^®  cm'^)  InP 
formed  the  eminer  region.  Next,  a  0.2  )im,  Cd- 
doped  (-  10*8  cm'^)  base,  followed  by  a  0.7  pm 
(2x10*^  cm'3)  collector  were  both  grown  using 
Ino.53Gao.47As.  Wafer  #2  was  a  conventional 
HPT  structure. 

An  electrochemical  profiler  was  used  to 
measure  the  doping  concentration  and  layer 
thickness  of  each  epitaxial  layer  for  both  wafers. 
Fig.  4  shows  the  carrier  concentration  versus 

distance  for  Wafer  where  a  0.1  pm  (2x10*^ 
cm'^)  emitter  layer  is  clearly  observed.  This  InP 
region  is  n-type,  implying  that  Sn  indeed 
compensates  the  Cd  diffused  from  the  base. 
Furtheimore.  the  built-in  voltage  at  E/B  junction 
was  measured  to  be  0.93  eV  and,  in  turn,  the 

conduction  band  discontinuity  energy  (  AEc)  of 
0.22  eV  was  obtained.  The  value  of  our  measured 
AEc  is  close  to  the  value  (0.24  eV)  reported  in  the 
literature  [10}.  As  has  been  pointed  out  earlier 
(11],  the  barrier  height  at  the  E/B  junction  is 
strongly  affected  by  the  p-type  dopant  diffusion  into 
the  emitter.  Hence,  ^e  consistency  of  the 
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measured  AEc  with  earlier  dau  implies  that  Cd 
dopants  can  reduce  the  displacement  of  the  p/n 
junction  away  from  the  HJ. 


OC^TH  l^m) 

Fig.  4;  Measured  free  carrier  concentration  versus 
distance  for  the  HIL(£-HPT. 

Fig.  S  shows  M  (solid  lines)  versus  1^  for 
both  samples.  The  phococurrent  gain  of  Wafer  #1  is 
independent  of  at  high  input  powers, 

corresponding  to  a  HJ  ideality  factor  of  n<Bl.  At 
low  !(;,  the  gain  was  found  to  have  a  small  power 
dependence,  with  n=1.2S.  In  contrast,  the  gain  of 
Wafer  #2  decreased  rapidly  with  I^,  giving  n=1.75 
independent  of  light  intensity.  To  our  knowledge, 
the  ideality  faaor  of  Wafer  #1  is  the  lowest  value 
achieved  for  HPTs  grown  using  LPE. 

Base  contacts  were  formed  on  pan  of  the 
devices  on  both  Wafer  #1  and  #2.  From  the 
quantum  efficiency  measurement  of  the 
base/collector  junction,  the  current  gain  (  p)  of  both 
wafen  was  calculated,  and  the  results  are  also 
shown  in  Fig.  5  (dashed  line).  Note  that  a  high 
current  gain  of  260  was  obtained  at  nW  for 
Wafer  #1,  which  is  an  improvement  by  a  factor  of 
4.5  over  the  conventional  device  gain.  To  our 
knowledge,  the  current  gain  of  Wafer  #1  is  the 
highest  value  reported  in  the  literature  for  this  low 
level  of  optical  power. 


Collaeior  CwrtM  |^l 


Fig.  5:  Measured  photocutrent  gain  (solid  line)  and 
current  gain  (dash^  line)  versus  collector  current 
(Ic)  for  both  HILOE  (Wafer  *1)  and  conventional 
(Wafer  *2)  structures. 


In  Fig.  6(a)  and  (b),  we  compare  the  forward 
I-V  characteristics  of  the  E/B  juncdons  for  both 
wafers.  For  Wafer  #1,  n=2.5  at  Vbe  <  0.2  V 
(region  I),  as  shown  in  Fig.  6(a).  The  large  value 
of  n  indicates  that  base  recombination  current  is 
dominant.  At  these  voltages,  the  bias  oltage  is  less 
than  the  offset  voltage  of  the  HPT,  and  hence  this 
region  was  not  accessible  to  the  measurements 
shown  in  Fig.  5.  In  region  n,  where  0.2  V<  VgE 
<  0.4  V,  the  value  of  n  (1.3)  is  consistent  with 


voltage  (VOLT) 

(b) 

Fig.  6:  Forward-biased  I-V  characterisbci  of  the 
emitter/base  junction  for  (a)  Wafer  #1,  and  (b) 
Wafer  #2. 
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n-1.25  in  the  low-Ic  region  of  Wafer  #1  in  Fig.  S. 
We  can  extract  the  recombination  cuirent  from  the 
total  cutrent  simply  by  extrapolating  the  cunent  level 
of  region  I  into  region  II  (c^hed  line  in  Fig.  6(a)). 
After  subtracting  the  recombination  cuirent  from  the 
total  current,  <the  ideality  factor  (nsl.05)  of  the  new 
curve  is  very  close  to  1,  corresponding  to  the 
diffusion  current.  At  high  forward  voltages,  the 
resistance  of  the  low-doped  emitter  and  the  lateral 
base  resistance  limit  the  diffusion  cuirent,  causing 
the  current  to  saturate  in  region  III.  Hence,  the 
ideality  factor  of  n^l,  which  corresponds  to  high-Ic 
region  in  Fig.  S,  can  not  be  observed  in  this  region. 

In  contrast,  the  ideality  factor  of  Wafer  #2  is 
n»2.6  in  region  I  (Vbe  <  0.35  V),  as  shown  in  Fig. 
6(b).  Although  the  ideality  factor  is  the  same  as  that 
of  Wafer  #1  in  region  I,  the  recombinadon  cunent  is 
250  times  larger,  and  the  voltage  range  where  the 
recombinadon  current  dominates  is  also  larger.  In 
region  II,  ns2.1,  corresponding  to  the  low-Ic  region 
of  Wafer  #2  in  Fig.  5.  After  subtracting  the 
recombinadon  current  from  the  total  current,  we  once 
more  obtain  n=1.05. 

From  the  above  analysis,  the  recombinadon 
current  at  the  HI  has  been  reduced  by  two  orders  of 
magnitude  for  the  HILOE  structure,  and  thus  the  HJ 
ideality  factor  is  also  substandally  improved.  This 
conclusion  is  consistent  with  both  device  riKxieling 
and  the  HPT  photocuirent  gain  data  in  Fig.  5. 

CONCLUSION 

In  conclusion,  N-InP/p'*’-Ino.53Gao  47As/n- 
^0.53Gao.47As  HILOE-HPT  can  improve  both 
sensitivity  and  bandwidth  by  diminishing 
recombinadon  at  the  HJ.  A  current  gain  as  high  as 
260  was  obtained  at  an  input  power  of  only  40  nW. 
The  significant  gain  enhaiKement  of  the  HILOE-HPT 
indicates  that  both  bulk  and  interface  recombinadon 
currents  at  the  emitter/base  juncdon  are  the  major 
sources  of  recombinadon  for  this  material  system. 

The  HILOE-HPT  can  also  be  applM  to  other 
material  systems  (such  as  CaA&^AlGaAs)  if  a  proper 
surface  pa^vadon  technique  is  used  for  reducing  the 
high  surface  recombination  currents.  One  of  the 
strengths  of  the  HILOE  structure  is  that  it  can 
diminish  the  recombinadon  current  by  reducing  the 
minority  carrier  concentradon  in  the  notch  region  of 
the  HJ,  rather  than  by  increasing  the  minority  carrier 
lifetime.  Hence,  the  peifoimaiKe  of  the  HPTs  is 
less  dependent  on  the  quality  of  heterointerface 
growth  employed. 

It  has  been  pointed  out  that  the  use  of  a 
graded  base  can  reduce  the  electron  transit  dme  [4] 
which  decreases  the  base  recombinadon  current  and 
improves  the  bandwidth  of  the  bipolar  transistor. 
Hence,  the  use  of  double  eminers  with  a  high-low 
carrier  concentradon  profile  along  with  a  g^ed  base 
is  expected  to  result  in  both  a  high  sensidvity  and 
high  baixlwidth  HPT. 

This  work  was  supported,  in  part,  by  RADC 
and  ARO. 
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G.  TuC5  Optically  powered  monolithically  integrated 
logic  circuits 

J.  J.  Brown,  J.  T.  Gardner,  and  S.  R.  Forrest 
Department  of  Electrical  Englneering/Electrophysics 
and  Materials  Science,  University  of  Southern 
California,  National  Center  for  Integrated  Photonic 
Technology,  Los  Angeles,  California  90089-0241 

Optical  powering  of  optoelectron  integrated  circuits  (OEICs)  signifi¬ 
cantly  improves  i^eir  performance  in  high  density  photonic  systems  as 
compared  to  conventional  designs  employing  electrical  powering  of 
circuits.'  Here  optical  powering  replaces  the  dc  bias  lines  with  inte¬ 
grated  photovoltaic  (PW  cells  in  each  pixel.  The  PV  cell  is  illuminated 
with  an  external  light  source  (e.g.  laser)  and  converts  this  optical  power 
beam  into  electrical  power  which  subsequently  drives  the  circuitry 
within  that  pixel.  The  total  absence  of  the  parasitic  capacitances  and 
inductances  in  the  optical  beam  reduces  inter-pixel  cross-talk  as  com¬ 
pared  with  conventional  dc  bias  lines.  This  leads  to  significantly  in¬ 
creased  bandwidths  in  the  optically  powered  case.  In  addition,  optical 
powering  reduces  interconnection  complexity  associated  with  routing 
bias  lines  to  each  pixel  in  a  high-density,  two  dimensional  array.  An 
optically  powered  interconnection  system  has  already  been  demon¬ 
strated  in  hybrid  form.*"^  In  this  present  work,  we  discuss  an  integrated 
optoelectronic  logic  circuit  in  which  the  power  and  control  are  both 
provided  using  optical  sources. 

The  OEIC  under  study  is  shown  in  Fig.  1.  The  circuit  is  optically 
controlled  to  operate  as  an  amplifier,  bistable  switch/latch,  or  SR  flip- 
flop.  The  optical  power  is  provided  using  an  InP  PV  cell  illuminated 
with  a  0.82  ^  laser  diode.  The  PV  cell  is  sectioned  into  a  four  segment 
array  to  provide  an  open  circuit  voltage  of  3.8  V.  A  photograph  of  the 
sectioned  PV  cell  is  shown  in  the  inset  of  Fig.  2.  The  input  data  signal, 
transmitted  by  a  13  pm  laser  diode,  is  detected  and  amplified  by  an 
InCaAs/InP  heterojunction  phototransistor  (Q,„).  The  output  data  sig¬ 
nal  is  emitted  by  a  1 3  ^m  laser  diode  (LO)  which  is  not  integrated  in  the 
present  circuit.  Positive  feedback  is  needed  to  drive  the  circuit  into  the 
bistable  switch/latch  mode,  and  is  achieved  by  coupling  a  small  per¬ 
centage  of  the  output  signal  onto  an  additional  heterojunction  pho¬ 
totransistor  (Qib).  The  magnitude  of  positive  feedback,  which 
determines  the  optical  bistability,  is  controlled  by  a  second,  0.82  pm 
control  beam  incident  on  an  integrated  InP  photoconductor,  PC,.  Here 
PC,  is  50  |im^  and  in  a  standard  interdigitated  electrode  configuration 
with  finger  spadng  and  widths  of  2  ^m.  The  second  photoconductor, 
PCj,  is  the  reset  switch  for  tiie  SR  flip-flop.  The  heterojunction  bipolar 
transistor  provides  the  option  of  applying  a  pre-bias  to  the  laser 
diode,  LD.  The  quiescent  operating  point  of  the  circuit  is  set  by  a  thin 
film  NiCr  resistor  (R^^).  All  components,  excluding  the  laser  diode,  are 
integrated.  Theintegrateddrcuitrequires growth  of  fiveepitaxial  layers 
(Fig.  2).  This  structure  is  grown  by  bquid  phase  epitaxy  on  a  (100) 
oriented  InP  semi-insulating  substrate. 

We  have  performed  experiments  to  demonstrate  the  amplifier  and 
bistable  switch/latch  modes  of  operation.  Optical  gains  of  10  are 
achieved.  The  amplifiers  have  a  sharp  turn  on  the  strong  optical  signal 
saturation  (Hg.  3a).  The  optical  feedback  circuit  is  tuned  using  a  3  dB 
coupler  from  the  laser  output  to  achieve  latching  (Fig.  3b).  The 
band  width  of  the  heterojunction  phototransistor  is  measured  at  37  M  Hz 
and  PC,  has  a  bandwidth  of  350  MHz  with  a  gain-quantum  efficiency 
product  of  10. 

In  conclusion,  we  have  demonstrated  tirat  optical  power  and  con  trol, 
combined  with  the  functionality  provided  by  electronics  is  a  powerful 
means  to  achieve  high  performance,  high  bandwidth  optical  intercon¬ 
nects. 

The  autl.ors  thank  M.  Govindarajan  and  L  Y.  Leu  for  many  helpful 
discussions.  In  addition,  the  authors  thank  RADC,  DARPA,  and  ARO 
for  their  support 
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Fig.  1.  Optically  powered  optoelectronic  integrated  logic  circuit  which 
operates  as  an  amplifier,  bistable  switch/latch,  or  SR  flip>-flop.  Optical 
input  and  control  beams  are  at  1.3  pm  (solid  arrows)  and  0.82  pm 
(dashed  arrows). 


Fig.  2.  Cross  section  of  five  layer  epitaxial  structure  for  circuit  shown  in 
Fig.  1.  Photograph  of  fabricated  photovoltaic  cell  shown  in  inset. 
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Fig.  3.  Experimental  results  of  integrated  logic  circuit  operated  in  (a) 
amplifier  mode  and  (b)  bistable  switch  /latch  mode  with  optical  gain  of 
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H.  ThH2  Optically  powered  smart 
pixels 

S.  R.  Forrest 

University  of  Southern  California,  Vivian  Hall, 
Los  Angeles,  California  90089-0241 

Recently,  there  is  an  increasing  interest  in  smart 
pixel  arrays  for  use  in  high  density^  high 
bandwidth  interconnection  networks.'^"  Op¬ 
toelectronic  integrated  circuits  (OEICsl  are  at¬ 
tractive  components  for  such  arrays.  There  are, 
however,  critical  limitations  associated  with  2-D 
chip  architectures  that  prevent  the  OEIC-based 
design  from  achieving  the  expected  high  perfor¬ 
mance.  One  issue  is  the  electrical  voltage  supply 
and  pixel  logic  control  lines  which  must  be  routed 
to  each  pixel.  The  nonzero  impedance  of  these 
interconnects  introduces  crosstalk  which  ul¬ 
timately  limits  the  bandwidth  of  the  system.  In 
addition,  the  dc  bias  lines  and  their  associated  ac 
decoupling  circuitry  rtonsume  valuable  chip  area. 
We  propose  a  novel  interconnection  architecture 
to  confront  the  issues  of  crosstalk  and  layout, 
which  utilizes  the  principle  of  optically  powered 
sman  pixels.^  Here,  optical  powering  is  locally 
provided  to  each  pixel  using  an  integrated 
photovoltaic  cell.  In  this  paper,  we  demonstrate 
an  optically  powered,  integrated  sman  pixel.  The 
InP  based  circuit  can  be  dynamically  tuned  with 
an  optical  control  beam  to  operate  as  an  amplifier, 
bistable  switch  or  as  a  latch/reset.  The  circuit  has 
an  optoelectronic  gain  of  2.S-1 1 .  and  operates  at 
80  Mbit/s  with  an  optical  switching  energy  of 
only  3.8  pJ. 

The  fundamental  limits  confronting  such  op¬ 
tically  powered  sman  pixels  are  discussed. 
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